Contracts for field projects
and supporting research on . . .

DOE/BC--95/1

: (DE96001203)
Enhanced Oil Recovery PROGRESS REVIEW
Reporting Period October—-December 1994 Quarter Ending December 31, 1994

- /

United States Department of Energy

Office of Gas and Petroleum Technology
and Bartlesville Project Office




DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their employees,
makes any warranty, express orimplied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or repre-
sents thatits use would notinfringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.

Available to DOE and DOE contractors from the Office of Scientific and Technical
Information, P.O. Box 62, Oak Ridge, Tennessee 37831; prices available from
(423) 576-8401.

Available to the public from the U.S. Department of Commerce, Technology Admin-
istration, National Technical Information Service, Springfield, Virginia 22161; prices
available from (703) 487-4650.

Printed in the United States of America



U.S. Department of Energy
Washington, D.C. 20545

PATRICIA GODLEY

Assistant Secretary for Fossil Energy
Room 4G-084 Forrestal Building
Telephone Number 202-586-4695

REGINAL SPILLER
Deputy Assistant Secretary for Gas
and Petroleum Technologies

SANDRA WAISLEY
Director for Oil and Gas Exploration
and Production

Bartlesville Project Office
P.O. Box 1398
Bartlesville, Oklahoma 74005

Telephone No. 918-337-4401

THOMAS C. WESSON
Director

R. M. RAY
Deputy Director

BETTY J. FELBER
Program Coordinator,
Enhanced Oil Recovery

HERBERT A. TIEDEMANN
Project Manager for
Technology Transfer

DOE/BC--95/1
(DE96001203)
Distribution Category UC-122

PROGRESS REVIEW NO. 81

CONTRACTS FOR FIELD PROJECTS
AND SUPPORTING RESEARCH ON
ENHANCED OIL RECOVERY

Date Published - March 1996

UNITED STATES DEPARTMENT OF ENERGY



PUBLICATIONS LIST

Bartlesville Project Office

Thomas C. Wessoijirector

AVAILABILITY OF PUBLICATIONS

The Department of Energy makes the results of all DOE-funded research
and development efforts available to DOE and DOE contractors from the Of-
fice of Scientific and Technical Information, P.O. Box 62, Oak Ridge,
TN 37831; prices available from (615) 576-8401.

Available to the public from the National Technical Information Ser-
vice, U.S. Department of Commerce, 5285 Port Royal Road, Spring-
field, VA 22161; prices available from (703) 487-4650.

Give the full title of the report and the report number.

Sometimes there are slight delays between the time reports are shipped to

NTIS and the time it takes for NTIS to process the reports and make them avail-
able. Accordingly, we will provide one copy of any individual report as long as
our limited supply lasts. Please help us in our effort to eliminate wasteful spend-
ing on government publications by requesting only those publications needed.
Order the report number listed at the beginning of each citation and enclose a
self-addressed mailing label. Available from DOE Bartlesville Project Of-
fice, ATTN: Herbert A. Tiedemann, P.O. Box 1398, Bartlesville, OK
74005; (918) 337-4293.
Quarterly Reports
DOE/BC-94/3 Contracts for Field Projects and
Supporting Research on Enhanced
Oil Recovery. Progress Review No. 79. Quarter ending June 30, 1994.
August 1995. 117 pp. Order No. DE94000200. Status reports are given
for various enhanced oil recovery and gas recovery projects sponsored
by the Department of Energy. The field tests and supporting research on
enhanced oil recovery include chemical flooding, gas displacement,
thermal/heavy oil, resource assessment, geoscience technology, micro-
bial technology, field demonstrations in high-priority reservoir classes,
novel technology, and environmental technology.
DOE/BC-94/4 Contracts for Field Projects and
Supporting Research on Enhanced
Oil Recovery. Progress Review No. 80. Quarter Ending September 30,
1994. November 1995. 156 pp. Order No. DE96001206. Status reports
are given for various enhanced oil recovery and gas recovery projects
sponsored by the Department of Energy. The field tests and supporting
research on enhanced oil recovery include chemical flooding, gas dis-
placement, thermal/heavy oil, resource assessment, geoscience technol-
ogy, microbial technology, field demonstrations in high-priority
reservoir classes, novel technology, and environmental technology.

Chemical Flooding
DOE/BC/14881-12 Improving Reservoir Conformance
Using Gelled Polymer Systems.
Annual Report for September 25, 1993 to September 24, 1994. The Uni-

versity of Kansas. July 1995. 96 pp. Order No. DE95000158. The objec-
tives of the research program are to identify and develop polymer

systems which have potential to improve reservoir conformance of fluid
displacement processes; to determine the performance of these systems
in bulk and in porous media; and to develop methods to predict their
performance in field applications. The research focuses on three types
of aqueous gel systems - a polysaccharide (KUSP1) that gels as a func-
tion of pH, a polyacrylamide-chromium(III) system and a polyacryla-
mide-aluminum citrate system. This report describes work conducted
during the second year of a three-year program. Progress was made in
the utilization of KUSP1 as a gelling agent. It was shown that gels can
be formed in situ in porous media using CO, or ester hydrolysis to lower
pH. An ester was identified that could be used in field-scale operations.
It was determined that KUSP1 will form strong gels when ortho boric
acid is added to the system. It was also determined, in cooperation with
Abbott Laboratories, that KUSP1 can be produced on a commercial
scale. Rheological studies showed that shear rate significantly affects
gelation time and gel strength. The effect of rock-fluid interactions at
alkaline conditions was examined experimentally and through mathe-
matical modeling.

DOE/BC/14884-12 Surfactant Loss Control in Chemical
Flooding Spectroscopic and Calori-
metric Study of Adsorption and Precipitation on Reservoir Minerals.
Annual Report for September 30, 1993 to September 30, 1994. Colum-
bia University. June 1995. 60 pp. Order No. DE95000157. The aim of
this project is to elucidate the mechanisms underlying adsorption and
surface precipitation of flooding surfactants on reservoir minerals.
Effect of surfactant structure, surfactant combinations, other inorganic
and polymeric species is being studied. A multi-pronged approach con-
sisting of micro and nano spectroscopy, microcalorimetry, electrokinet-
ics, surface tension and wettability is used to achieve the goals. The
results of this study should help in controlling surfactant loss in chemi-
cal flooding and also in developing optimum structures and conditions
for efficient chemical flooding processes.

DOE/BC/14885-10 Development of Cost-Effective
Surfactant Flooding Technology.
Annual Report for September 30, 1993 to September 29, 1994. Univer-
sity of Texas. August 1995. 104 pp. Order No. DE95000180. This
research consists of the parallel development of a new chemical flooding
simulator and the application of our existing UTCHEM simulation code
to model surfactant flooding. The new code is based upon a completely
new numerical method that combines for the first time higher-order
finite-difference methods, flux limiters, and implicit algorithms. Results
indicate that this approach has significant advantages in some problems
and will likely enable us to simulate much larger and more realistic
chemical floods once it is fully developed. Additional improvements
have also been made to the UTCHEM code, and it has been applied to
the study of stochastic reservoirs with and without horizontal wells to
evaluate methods to reduce the cost and risk of surfactant flooding.
During the second year of this contract, significant progress has already
been made on both of these tasks.



DOE/BC/14886-14 Investigation of Oil Recovery
Improvement by Coupling an Inter-
facial Tension Agent and a Mobility Control Agent in Light Oil Res-
ervoirs. Final Report. Surtek, Inc. December 1995. 72 pp. Order No.
DE96001204. This report studied the oil recovery potential of flooding
light il reservoirs by combining interfacial tension reducing agent(s)
with a mobility control agent. The first objective was to define the mech-
anisms and limitations of co-injecting interfacial tension reduction
agent(s) and a mobility control agent to recover incremental oil. Specif-
ically, the study focused on the fluid-fluid and fluid-rock interactions.
The fluid-fluid evaluations defined how the various alkalis and surfac-
tants interact to develop low interfacial tension values and how physical
parameters affect these interactions. The fluid-rock studies evaluated
the effect of rock type on the oil recovery efficiency. The second objective
was to evaluate the economics of the combination technology and inves-
tigate methods to make the process more profitable. Specific areas of
study were to evaluate different chemical concentration tapers and the
volume of chemical injection required to give optimal oil recovery.
NIPER/BDM-0074 Chemical Systems for Improved Oil
Recovery: Phase Behavior, Oil
Recovery, and Mobility Control Studies. Topical Report. BDM-Okla-
homa, Inc. September 1995. 76 pp. Order No. DE95000183. Selected
surfactant systems containing a series of ethoxylated nonionic surfac-
tants in combination with an anionic surfactant system have been stud-
ied to evaluate phase behavior as well as oil recovery potential. These
experiments were conducted to evaluate possible improved phase
behavior and overall oil recovery potential of mixed surfactant systems
over a broad range of conditions. The importance of maximizing the
production of oil initially mobilized by surfactant chemical systems
resulted in an evaluation of mobility control polymers for selected
experimental conditions. Both polyacrylamide polymers and Xanthan
biopolymers were evaluated. In addition, studies were initiated to use
a chemical flooding simulation program, UTCHEM, to simulate oil
recovery for laboratory and field applications and evaluate its use to
simulate oil saturation distributions obtained in CT-monitoring of oil
recovery experiments.
Thermal Recovery
CONF-9502114 Fueling for a Clean and Safe
Environment. Volume 1. Proceed-
ings for the 6th UNITAR International Conference on Heavy Crude
and Tar Sands on February 12-17, 1995. 811 pp. Order No. DE95000188.
The theme for the conference was “Fueling for a Clean and Safe Environ-
ment.” The program included 167 technical papers and poster presen-
tations by authors representing 20 countries. Sessions subjects included
Production, Field Projects, Processing and Refining, Environment, labo-
ratory Studies, Upgrading, Numerical Simulation, Equipment, Reser-
voir Characterization, Handling and Transportation, Analytical
Properties, Resource Development, and other Worldwide Activities.

CONF-9502114 Fueling for a Clean and Safe
Environment. Volume 2. Proceed-
ings for the 6th UNITAR International Conference on Heavy Crude
and Tar Sands on February 12-17, 1995. 733 pp. Order No. DE95000189.
The theme for the conference was “Fueling for a Clean and Safe Environ-
ment.” The program included 167 technical papers and poster presen-
tations by authors representing 20 countries. Sessions subjects included
Production, Field Projects, Processing and Refining, Environment, labo-
ratory Studies, Upgrading, Numerical Simulation, Equipment, Reser-
voir Characterization, Handling and Transportation, Analytical
Properties, Resource Development, and other Worldwide Activities.

DOE/BC/14864-14 Study of Hydrocarbon Miscible
Solvent Slug Injection Process for
Improved Recovery of Heavy Oil from Schrader Bluff Pool, Milne
Point Unit, Alaska. Annual Report for January 1, 1994 to December 31,
1994. University of Alaska Fairbanks. July 1995. 120 pp. Order No.
DE95000162. The oil production in Alaska has started to decline in the
early 1990's which is attributed to decline in the production from super-
giant Prodhoe Bay field. In the 1990's, the National Energy Strategy Plan
developed by U.S. Department of Energy called for 900,000 barrels/day
production of heavy oil in the mid 1990's to meet the national demand.
To meet this goal, it is imperative that Alaskan heavy oil fields be
brought into production. Schrader Bluff reservoir, located in the Milne
Point Unit, which is part of the heavy oil field known as West Sak, is esti-
mated to contain 1.5 billion barrels of (14 to 21 degree API) oil-in-place.
The field is currently under production by primary depletion. However,
the primary recovery was expected to be much less than expected value
of 12% because of complex reservoir structure. Hence, waterflood has
been implemented earlier than anticipated. The eventual implementa-
tion of enhanced oil recovery (EOR) techniques will be vital for the
recovery of additional oil from this reservoir.

DOE/BC/14899-24 Flow and Displacement of Bingham
Plastics in Porous Media. Topical
Report. University of Southern California. July 1995. 32 pp. Order
No. DE95000165. Bingham plastics, which exhibit a finite yield stress at
zero shear rate, have been used to model the flow behavior of certain
heavy oils at reservoir conditions (Barenblatt et al., 1990). In such fluids,
the onset of flow and displacement occurs only after the applied pres-
sure gradient exceeds a minimum value. Understanding the flow
behavior of such fluids has been limited to phenomenological
approaches (Barenblatt et al., 1990, Wu et al. 1992). Numerical simula-
tions and experimental visualization of flow and immiscible displace-
ment of Bingham plastics in porous media using micromodels are
presented. First, a novel pore network simulation approach to deter-
mine the onset of flow is described. The dependence of the critical yield
stress on the pore-size distribution is discussed. Visualization experi-
ments of the constant-rate immiscible displacement of Bingham plastics
in glass micromodels and Hele-Shaw cells are next presented. The pro-
cess is subsequently simulated in a pore network. Experiments are suc-
cessfully simulated with the pore network model. The effect of the yield
stress and injection rate on the displacement patterns is discussed. A
classification of the displacement patterns, similar to that for Newtonian
displacement is proposed (Lenormand, 1989).

DOE/BC/14899-25 Visualization and Simulation of
Immiscible Displacement in Frac-
tured Systems Using Micromodels: Steam Injection. University of
Southern California. July 1995. 36 pp. Order No. DE95000150. A
study of steam and hot water injection processes in micromodel geome-
tries that mimic a matrix-fracture system was undertaken. The follow-
ing was observed: light components existing in the crude oil generated
a very high efficient gas-drive at elevated temperatures. This gas gener-
ation in conjunction with natural surfactant existing in the crude oil lead
to the formation of a foam in the fracture and to improved displacement
in the matrix. It was observed that the steam enters the fracture and the
matrix depending on whether the steam rate exceeds or not the critical
values. The resulting condensed water also moves preferentially into
the matrix or the fracture depending on the corresponding capillary
number. Since steam is a non-wetting phase as a vapor, but becomes a
wetting phase when condensed in a water-wet system, steam injection
involves both drainage and imbibition. It was found that all of the oil
trapped by the condensed water can be mobilized and recovered when
in contact with steam.



DOE/BC/14899-26 Visualization and Simulation of
Immiscible Displacement in Frac-
tured Systems Using Micromodels: Imbibition. University of South-
ern California. July 1995. 52 pp. Order No. DE95000149. A study of
imbibition processes in micromodel geometries that mimic a matrix-
fracture system was undertaken. Experiments in glass micromodels and
pore network simulation were conducted. It was observed that, at low
capillary number values the wetting fluid preferentially invaded the
matrix. Two critical capillary numbers were identified, one for the start
of penetration in the fracture when the viscosity ratio was much less
than one, and another for which the rate of propagation of the front in
the fracture is the same with that in the matrix, when the viscosity ratio
was greater than one. These critical capillary numbers were well
matched with the results of a pore network simulation. A simplified the-
ory for both critical numbers was developed. Free imbibition in frac-
tured system was investigated and compared favorably with pore
network simulation. This process first involves the rapid invasion of the
matrix, followed by the subsequent penetration of the fracture.

DOE/BC/14899-27 Scaling of Bubble Growth in a
Porous Medium. Topical Report.
University of Southern California. July 1995. 16 pp. Order No.
DE95000166. Processes involving liquid-to-gas phase change in porous
media are routinely encountered, for example in the recovery of oil, geo-
thermal processes, nuclear waste disposal or enhanced heat transfer.
They involve diffusion (and convection) in the pore space, driven by an
imposed supersaturation in pressure or temperature. Phase change pro-
ceeds by nucleation and phase growth. Depending on pore surface
roughness, a number of nucleation centers exist, thus phase growth
occurs from a multitude of clusters. Contrary to growth in the bulk or
in a Hele-Shaw cell, however, growth patterns in porous media are dis-
ordered and not compact. As in immiscible displacements, they reflect
the underlying pore microstructure. The competition between multiple
clusters is also different from the bulk. For example, cluster growth may
be controlled by a combination of diffusion with percolation. Novel
growth patterns are expected from this competition. '

DOE/BC/14899-28 SUPRI Heavy Oil Research
Program. Annual Report for Febru-
ary 8, 1994 to February 7, 1995. Stanford University. July 1995. 184 pp.
Order No. DE95000167. The goals of this project are to 1) assess the
influence of different reservoir conditions (temperature and pressure)
on the absolute and relative permeability to oil and water and on capil-
lary pressure; 2) evaluate the effect of different reservoir parameters on
the in-situ combustion process. This project includes the study of the
kinetics of the reactions; 3) develop and understand the mechanisms of
the process using commercially available surfactants for reduction of
gravity override and channeling of steam; 4) develop and improve tech-
niques of formation evaluation such as tracer tests and pressure tran-
sient tests; and 5) provide technical support for design and monitoring
of DOE-sponsored or industry-initiated field projects.
DOE/BC/95000151 Multifrequency  Crosshole EM
Imaging for Reservoir Characteriza-
tion. FY 1994 Annual Report. Lawrence Berkeley Laboratory. June
1995. 12 pp. Order No. DE95000151. Electrical conductivity of sedi-
mentary rock is controlled by the porosity, hydraulic permeability, tem-
perature, saturation, and the pore fluid conductivity. These rock
parameters play important roles in the development and production of
hydrocarbon (petroleum and natural gas) resources. For these reasons,
resistivity well logs have long been used by geologists and reservoir
engineers in petroleum industries to map variations in pore fluid, to dis-
tinguish between rock types, and to determine completion intervals in
wells. It is therefore a natural extension to use the electrical conductivity
structure to provide additional information about the reservoir. Reser-

voir simulation and process monitoring rely heavily on the physical
characteristics of the reservoir model. At present, numerical codes use
point measurements of porosity, permeability, and fluid saturation and
extrapolate these data throughout a three-dimensional (3-D) grid. The
knowledge of a high-resolution geophysical parameter such as electrical
conductivity would aid this extrapolation and improve the reservoir
simulation effort. In addition, since conductivity is sensitive to changes
in the composition and state of fluids in pores and fractures it becomes
an ideal method for monitoring a reservoir process.

DOE/BC/95000152 Electrical and Electromagnetic

Methods for Reservoir Description
and Process Monitoring. Annual Report for October 1, 1992 to Sep-
tember 30, 1993. Lawrence Berkeley Laboratory. July 1995. 20 pp.
Order No. DE95000152. At the beginning of FY 91 a coordinated electri-
cal and electromagnetic (EM) geophysical research program for petro-
leum reservoir characterization and process monitoring was initiated.
The overall objectives of the program were to: integrate research funded
by DOE for hydrocarbon recovery into a focused effort to demonstrate
the technology in the shortest time with the least cost; assure industry
acceptance of the technology developed by having industry involve-
ment in the planning, implementation, and funding of the research; and
focus the research on real world problems that have the potential for
solution in the near term with significant energy payoff. Specific
research activities conducted through this integrated effort have been in
the following five general areas: EM modeling development, data inter-
pretation methods development, hardware and instrumentation devel-
opment, EOR and reservoir characterization, and controlled field
experiments.
DOE/BC/95000153 Electrical and  Electromagnetic
Methods for Reservoir Description
and Process Monitoring. Annual Report for October 1, 1991 to Sep-
tember 30, 1992. Lawrence Berkeley Laboratory. July 1995. 28 pp.
Order No. DE95000153. One of the important geophysical parameters
that can be used to help monitor and characterize a petroleum reservoir
is the electrical conductivity. The electrical conductivity of rock is dom-
inantly a function of fluid type, its saturation, the porosity, and hydrau-
lic permeability of the rock. For these reasons, resistivity well logs have
long been used by geologists and reservoir engineers in petroleum
industries to map variations in pore fluid, to distinguish between rock
types, and to determine completion intervals in wells. It is therefore a
natural extension to use the electrical conductivity structure to provide
additional information about the reservoir. Reservoir simulation and
process monitoring rely heavily on the physical characteristics of the res-
ervoir model. At present, numerical codes use point measurements of
porosity, permeability, and fluid saturation and extrapolate these data
throughout a three-dimensional (3-D) grid. The knowledge of a high-
resolution geophysical parameter such as electrical conductivity would
aid this extrapolation and improve the reservoir simulation effort. In
addition, since conductivity is sensitive to changes in the composition
and state of fluids in pores and fractures it becomes an ideal method for
monitoring a reservoir process.

DOE/BC/95000168 Foam Flow Through a Transparent
Rough-Walled  Rock  Fracture.
Lawrence Berkeley Laboratory. July 1995. 36 pp. Order No.
DE95000168. This paper presents an experimental study of nitrogen,
water, and aqueous foam flow through a transparent replica of a natural
rough-walled rock fracture with a hydraulic aperture of roughly 30um.
It is established that single-phase flow of both nitrogen and water is well
described by analogy to flow between parallel plates. Inertial effects
caused by fracture roughness become important in single-phase flow as
the Reynolds number approaches 1. Foam exhibits effective control of
gas mobility. Foam flow resistances are approximately 10 to 20 times



greater than those of nitrogen over foam qualities spanning from 0.60 to
0.99, indicating effective gas-mobility control. Because previous studies
of foam flow have focused mainly upon unfractured porous media, little
information is available about foam flow mechanisms in fractured
media. The transparency of the fracture allowed flow visualization and
demonstrated that foam rheology in fractured media depends upon
bubble shape and size. Changes in flow behavior are directly tied to
transitions in bubble morphology.
DOE/BC/95000169 Population Balance Model for
Transient and Steady-State Foam
Flow in Boise Sandstone. Lawrence Berkeley Laboratory. July 1995.
60 pp. Order No. DE95000169. An experimental and mechanistic-mod-
eling study is reported for the transient flow of aqueous foam through
1.3-um2 (1.3-D) Boise sandstone at backpressures in excess of 5 Mpa (700
psi) over a quality range from 0.80 to 0.99. Total superficial velocities
range from as little as 0.42 to 2.20 m/day (1.4 ft/day to 7 ft/day).
Sequential pressure taps and gamma-ray densitometry measure flow
resistance and in-situ liquid saturations, respectively. Experimental
pressure and saturation profiles in both the transient and steady states
are gamered. Adoption of a mean-size foam-bubble conservation equa-
tion along with the traditional reservoir simulation equations allows
mechanistic foam simulation.
Geoscience
DOE/BC/14477-18 An Experimental and Theoretical
Study to Relate Uncommon Rock/
Fluid Properties to Oil Recovery. Final Report. Pennsylvania State
University. July 1995. 340 pp. Order No.DE95000164. The most com-
monly used secondary oil recovery technique is waterflooding. Macro-
scopic (or common) rock-pore characteristics such as porosity,
permeability, and irreducible water saturation and fluid properties such
as viscosity have been shown by previous investigators to influence the
results of waterflooding and consequently ultimate oil recovery. The
objectives of this study are to consider the influence of microscopic (or
uncommon) rock-pore characteristics such as wettability, tortuosity,
mercury intrusion volume, pore surface area, specific surface area, aver-
age pore diameter, median pore-throat diameter, pore length, apparent
(skeletal) density and mercury recovery efficiency on residual oil satura-
tion and oil recovery realized in linear-core waterfloods. The results
were statistically analyzed to determine the quantitative relations
between the various properties, and empirical equations were devel-
oped for predicting waterflood performance. The characteristics were
analyzed and modeled at both breakthrough and floodout.

Resource Assessment Technology

DOE/BC/14831-14 Assist in the Recovery of Bypassed
Oil from Reservoirs in the Gulf of
Mexico. Annual Report for February 18, 1994 to February 18, 1995.
Louisiana State University. September 1995. 244 pp. Order No.
DE95000185. During the past year, a report on the simulation work per-
formed on the U-8 reservoir was completed. Also, modifications to han-
dle steeply dipping reservoirs have been successfully implemented in
the MASTER simulator and critical process parameter laboratory exper-
iments and computer simulations of the experiments have been com-
pleted. In addition, development of predictive models for undeveloped
oil and immiscible/miscible processes began. The methodology for
determination of undeveloped potential has been completed. The
design of the miscible and updip displacement models as well as the
design of the economic and timing models is under way. The coding
and calibration of the models began. Data validation, map measure-
ments, model development and supporting cost data collection was in

progress.

vi

Gas Displacement
DOE/BC/14862-10 Productivity and Injectivity of
Horizontal Wells. Annual Report
for March 10, 1994 to March 9, 1995. Stanford University. July 1995.
172 pp. Order No. DE95000163. This project has eight principal goals
to be studied and developed over a five-year period. These goals are as
follows: Task 1 is to develop special gridding techniques and associated
averaging algorithms for accurate simulation of HW-performance. Task
2 is to study impacts of various types of heterogeneity and develop
methods for incorporating their effects in both fine-grid and coarse-grid
models. Task 3 is to plan, execute, and interpret two-phase flow experi-
ments at an oil company research facility, and use results to analyze/val-
idate a new two-phase model. Task 4 is to define improved methods for
computing two-phase pseudo-functions for effective relative permeabil-
ities for coarse grid blocks near an HW - determine sensitivities to heter-
ogeneities, flow conditions, skin factors, etc. Task 5 is to develop
numerical techniques and software in a parallel computing architecture
capable of interactively coupling multiple detailed HW - models to a
large scale reservoir simulator. Task 6 is to work with affiliate's member
companies to establish HW-modeling capabilities from field measure-
ments, particularly for pathological problem cases. Task 7 is to provide
and implement practical HW aspects into modeling of EOR processes -
miscible gas, steam displacement, in-situ combustion. Task 8 is to seek
field opportunities for HW's and study their best implementation in var-
ious reservoir scenarios e.g., multiple laterals, hydraulic fracture vari-
ants, etc.
DOE/BC/14977-6 Improved Efficiency of Miscible
CO, Floods and Enhanced Prospects
for CO, Flooding Heterogeneous Reservoirs. Annual Report for April
14, 1994 to April 13, 1995. New Mexico Institute of Mining and Tech-
nology. September 1995. 80 pp. Order No. DE95000187. The overall
goal of this project is to improve the efficiency of miscible CO, floods
and enhance the prospects for flooding heterogeneous reservoirs. This
objective is being accomplished by extending experimental research in
three task areas: 1) foams for selective mobility control in heterogeneous
reservoirs, 2) reduction of the amount of CO, required in CO, floods,
and 3) miscible CO, flooding in fractured reservoirs. In the first task, a
desirable characteristic of CO,-foam called Selective Mobility Reduction
(SMR) that promises an improvement in displacement efficiency by
reducing the effects of reservoir heterogeneity is investigated. In the sec-
ond task, preliminary results on the phase behavior tests of a West Texas
crude with CO, are reported. In the third task, the results of prediction
of multicomponent, reservoir condition interfacial tension (IFT) are
reported.

Reservoir Characterization
DOE/BC/14894-5 Application of Artificial Intelligence
to  Reservoir Characterization.
Annual Report for October 1993 to October 1994. The University of
Tulsa. July 1995. 72 pp. Order No. DE95000145. The basis of this
research is to apply novel techniques from Artificial Intelligence and
Expert Systems in capturing, integrating and articulating key knowl-
edge from geology, geostatistics, and petroleum engineering to develop
accurate descriptions of petroleum reservoirs. The ultimate goal is to
design and implement a single powerful expert system for use by small
producers and independents to efficiently exploit reservoirs.
DOE/BC/14896-6 Geological and  Petrophysical
Characterization of the Ferron Sand-
stone for 3-D Simulation of a Fluvial-Deltaic Reservoir. Annual
Report for September 29, 1993 to September 29, 1994. Utah Geological



Survey. July 1995. 52 pp. Order No. DE95000172. The objective of the
Ferron Sandstone project is to develop a comprehensive, interdiscipli-
nary, quantitative characterization of a fluvial-deltaic reservoir to allow
realistic inter-well and reservoir-scale models to be developed for
improved oil-field development in similar reservoirs worldwide. Quan-
titative geological and petrophysical information on the Cretaceous Fer-
ron Sandstone in east-central Utah will be collected. Both new and
existing data will be integrated into a three-dimensional model of spatial
variations in porosity, storativity, and tensorial rock permeability at a
scale appropriate for inter-well to regional-scale reservoir simulation.
Simulation results could improve reservoir management through
proper infill and extension drilling strategies, reduction of economic
risks, increased recovery from existing oil fields, and more reliable
reserve calculations. Transfer of the project results to the petroleum
industry is an integral component of the project. This report covers
research activities for fiscal year 1993-94, the first year of the project.
Most work consisted of developing field methods and collecting large
quantities of existing and new data.

DOE/BC/14897-6 Anisotropy and Spatial Variation of
Relative Permeability and Litho-
logic Character of Tensleep Sandstone Reservoirs in the Bighorn and
Wind River Basins, Wyoming. Annual Report for September 15, 1993
to September 30, 1994. University of Wyoming. July 1995. 80 pp.
Order No. DE95000156. This research will associate spatial distribu-
tions and anisotropy of relative permeability with the depositional sub-
facies and zones of diagenetic alteration found within the Tensleep
Sandstone. The associations between depositional lithofacies diagenetic
alteration, and pore geometry will link relative permeability with the
distinct and measurable dimensions of lithofacies, and authigenic min-
eral facies. Effects of the depositional processes and burial diagenesis
will be investigated. The primary goal of this task is to establish the
regional trends and variations in lithologic character of the eolian and
marine subfacies of the upper Tensleep Sandstone in the Bighorn and
Wind River basins.
Field Demonstrations
DOE/BC/14953-10 Increased Oil Production and
Reserves from Improved Comple-
tion Techniques in the Bluebell Field, Uinta Basin, Utah. Annual
Report for September 30,1993 to September 30, 1994. Utah Geological
Survey. July 1995. 132 pp. Order No. DE95000171. The Bluebell field
produces from the Tertiary lower Green River and Wasatch Formations
of the Uinta Basin, Utah. The productive interval consists of thousands
of feet of interbedded fractured clastic and carbonate beds deposited in
a fluvial-dominated deltaic lacustrine environment. Although some
wells have produced over 1 million barrels (159,000 m3) of oil, many
have produced only 100,000 to 250,000 barrels (15,000-31,000 m3), or
less, of oil. The lower portion of the productive interval is overpres-
sured, requiring that approximately 10,000 feet (3,050 m) of intermediate
casing be set. The final 2,000 to 4,000 feet (610-1,220 m) of drilling is slow
and difficult requiring weighted mud. Wells are typically completed by
perforating 40 or more beds over 1,000 to 3,000 vertical feet (305-915 m),
then applying an acid-frac treatment to the entire interval. This comple-
tion technique is believed to leave many potentially productive beds
damaged and/or untreated, while opening up some water and thief
zones.
DOE/BC/14954-5 Advanced Secondary Recovery
Demonstration for the Sooner Unit.
Annual Report for October 1992 to May 1993. Diversified Operating
Corporation. July 1995. 160 pp. Order No. DE95000170. The objective
of this project is to demonstrate the effectiveness of a multi-disciplinary
approach to targeted infill drilling and improved reservoir manage-
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ment. The first phase of the project involves geophysical, geological and
engineering data acquisition and analysis to identify optimum well sites
and to develop a reservoir operations plan, maximizing secondary
recovery using water injection and gas recycling. The second phase will
involve drilling of up to three geologically targeted infill wells and
establishing production/injection schedules. Reservoir simulation,
transient well tests and careful production monitoring will be used to
evaluate the results. The third phase will involve technology transfer
through a series of technical papers and presentations of a short course.
Emphasis will be on the economics of the project and the implemented
technologies. This report summarizes the activities, results and conclu-
sions from Phase I activities of the Sooner Unit Project. The Sooner Unit
is located in Weld County, Colorado and produces from the "d" sand-
stone member of the Upper Cretaceous Graneros formation at a depth of
about 6,300 ft.

Applications of Advanced
Petroleum Production Technology
and Water Alternating Gas Injection for Enhanced Oil Recovery - Mat-
toon Oil Field, llinois. Final Report. American Oil Recovery, Inc.
September 1995. 80 pp. Order No. DE95000184. Phase I results of a
CO,-assisted oil recovery demonstration project in selected Cypress
Sandstone reservoirs at Mattoon Field, Illinois are reported. The design
and scope of this project included CO, injectivity testing in the Pinnell
and Sawyer units, well stimulation treatments with CO, in the Strong
unit, and infill well drilling, completion and oil production. The field
activities were supported by extensive CO,-oil-water coreflood experi-
ments, CO,-0il phase interaction experiments, and integrated geologic
modeling and reservoir simulations. Five Cypress Sandstone layers
("A","B","C", "D", "E") were identified within the study area in Mattoon
Field. Three-dimensional geologic models, created from well data, were
used to interpret the location, size and continuity of the productive
intervals. The CO; injectivity tests were performed in the "A" interval in
the Pinnell unit, "E" interval in the Sawyer unit and "D" interval in the
Strong unit.

DOE/BC/14955-8

DOE/BC/14957-7 Improved Oil Recovery in Fluvial
Dominated Deltaic Reservoirs of
Kansas - Near-Term. Annual Report for June 18, 1993 to June 18,1994.
The University of Kansas. October 1995. 204 pp. Order No.
DEY95000161. Common oil field problems exist in fluvial dominated del-
taic reservoirs in Kansas. The problems are poor waterflood sweep and
lack of reservoir management. The poor waterflood sweep efficiency is
the result of 1) reservoir heterogeneity, 2) channeling of injected water
through high permeability zones or fractures, and 3) clogging of water
injection wells with solids as a result of poor water quality. In many
instances the lack of reservoir management results from failure to 1) col-
lect and organize data, 2) integrate analyses of existing data by geologi-
cal and engineering personnel, and 3) identify optimum recovery
techniques.

DOE/BC/14958-11 Green River Formation Water Flood
Demonstration Project.  Annual
Report for April 1, 1994 to March 31, 1995. Lomax Exploration Com-
pany. September 1995. 72 pp. Order No. DE95000182. The successful
water flood of the Green River Formation in the Monument Butte unit
was analyzed in detail in the last yearly report. It was shown that pri-
mary recovery and the water flood in the unit were typical of oil produc-
tion from an undersaturated oil reservoir close to its bubble point. The
reservoir performance of the smaller Travis unit was also analyzed. The
Monument Butte unit is currently producing at around 300 barrels per
day of oil. Two of the new wells drilled in the unit had zones pressur-
ized by the water flood. The third well produced from pressurized as
well as from zones which were unaffected by the water flood. The water
flood response of the Travis unit is slow, possibly because of problems



with reservoir continuity. Water injection continues in the unit and the
reservoir pressure is increasing steadily. The new well that was drilled
in Travis did not intersect the Lower Douglas Creek Sand into which
most of the water has been injected. Plans for water flooding the Bound-
ary unit were drawn.
DOE/BC/14959-13 Revitalizing a Mature Oil Play:
Strategies for Finding and Produc-
ing Unrecovered Oil in Frio Fluvial-Deltaic Sandstone Reservoirs of
South Texas. Annual Report for October 1993 to October 1994. The
University of Texas at Austin. July 1995. 168 pp. Order No.
DE95000160. The objectives of this project are to develop interwell-scale
geological facies models of Frio fluvial-deltaic reservoirs from selected
fields in South Texas and combine them with engineering assessments
to characterize reservoir architecture and flow-unit boundaries and to
try to determine the controls that these characteristics exert on the loca-
tion and volume of unrecovered mobile and residual oil. Results of
these studies should lead directly to the identification of specific near-
term opportunities to exploit these heterogeneous reservoirs for incre-
mental recovery by recompletion and strategic infill drilling.
DOE/BC/14959-15 Strategies for Reservoir
Characterization and Identification
of Incremental Recovery Opportunities in Mature Reservoirs in Frio
Fluvial-Deltaic Sandstones, South Texas: An Example from Rincon
Field, Starr County. Topical Report. The University of Texas at Aus-
tin. November 1995. 120 pp. Order No. DE95000190. Fluvial-deltaic
sandstone reservoirs in the United States are being abandoned at high
rates, yet they still contain more than 34 billion barrels of unrecovered
oil. The mature Oligocene-age fluvial-deltaic reservoirs of the Frio For-
mation along the Vicksburg Fault Zone in South Texas are typical of this
class in that, after more than three decades of production, they still con-
tain 61 percent of the original mobile oil in place, or 1.6 billion barrels.
This resource represents a tremendous target for advanced reservoir
characterization studies that integrate geological and engineering anal-
ysis to locate untapped and incompletely drained reservoir compart-
ments isolated by stratigraphic heterogeneities.

DOE/BC/14960-8 Post Waterflood CO, Miscible
Flood in Light Oil, Fluvial-Domi-
nated Deltaic Reservoir. Annual Report for October 1, 1993 to Septem-
ber 30, 1994. Texaco Exploration and Production. July 1995. 52 pp.
Order No. DE95000173. Texaco Exploration and Production Inc. (TEPI)
and the U. S. Department of Energy (DOE) entered into a cost sharing
cooperative agreement to conduct an Enhanced Oil Recovery demon-
stration project at Port Neches. The field is located in Orange County
near Beaumont, Texas. The project will demonstrate the effectiveness of
the CO, miscible process in Fluvial Dominated Deltaic reservoirs. It will
also evaluate the use of horizontal CO, injection wells to improve the
overall sweep efficiency. A database of FDD reservoirs for the gulf coast
region will be developed by Louisiana State University, using a screen-
ing model developed by Texaco Research Center in Houston. Finally,
the results and the information gained from this project will be dissem-
inated throughout the oil industry via a series of Society of Petroleum
Engineers papers and industry open forums.

DOE/BC/14962-7 The Utilization of the Microflora
Indigenous to and Present in Oil-
Bearing Formations to Selectively Plug the More Porous Zones
Thereby Increasing Oil Recovery During Waterflooding. Annual
Report for January 1, 1994 to December 31, 1994. Hughes Eastern Cor-
poration. August 1995. 60 pp. Order No. DE95000177. This project is
a field demonstration of the ability of in-situ indigenous microorgan-
isms in the North Blowhorn Creek Oil Field to reduce the flow of injec-
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tion water in the more permeable zones thereby diverting flow to other
areas of the reservoir and thus increasing the efficiency of the water-
flooding operation. This effect is to be accomplished by adding inor-
ganic nutrients in the form of potassium nitrate and orthophosphate to
the injection water. Work on the project is divided into three phases,
Planning and Analysis (9 months), Implementation (45 months), and
Technology Transfer (12 months).

DOE/BC/14983-5 Recovery of Bypassed Oil in the
Dundee Formation Using Horizon-
tal Drains. Annual Report for April 1994 to June 1995. Michigan Tech-
nological University. August 1995. 260 pp. Order No. DE95000181.
Devonian rocks have been the most prolific hydrocarbon producers in
the Michigan Basin. The Traverse, Dundee, and Lucas Formations have
produced more than half of Michigan's oil since the late 1920's. The
Dundee Formation is Michigan's all-time leader with 352 million barrels
of oil and 42 billion cubic feet of gas. About 30% of the original oil in
place and 80% of the original gas in place is usually recovered from
hydrocarbon reservoirs during the initial production phase. This project
will demonstrate through a field trial that horizontal wells can substan-
tially increase oil production in older reservoirs that are at or near their
economic limit. To maximize the potential of the horizontal well and to
ensure that a comprehensive evaluation can be made, extensive reser-
voir characterization will be performed. In addition to the proposed
field trial at Crystal Field, 29 additional Dundee fields in a seven-county
area have been selected for study in the reservoir characterization por-
tion of this project.
DOE/BC/14984-5 Improved Recovery Demonstration
for Williston Basin Carbonates.
Annual Report for June 10, 1994 to June 9, 1995. Luff Exploration
Company. September 1995. 88 pp. Order No. DE95000186. The pur-
pose of this project is to demonstrate targeted infill and extension drill-
ing opportunities, better determinations of oil-in-place, methods for
improved completion efficiency and the suitability of waterflooding in
Red River and Ratcliffe shallow-shelf carbonate reservoirs in the Willis-
ton Basin, Montana, North Dakota and South Dakota. Improved reser-
voir characterization utilizing three-dimensional and multi-component
seismic are being investigated for identification of structural and strati-
graphic reservoir compartments. These seismic characterization tools
are integrated with geological and engineering studies. Improved com-
pletion efficiency is being tested with extended-reach jetting lance and
other ultra-short-radius lateral technologies. Improved completion effi-
ciency, additional wells at closer spacing and better estimates of oil in
place will result in additional oil recovery by primary and enhanced
recovery processes.
Environmental
DOE/MT/92006-9 The Cost of Wetland Creation and
Restoration. Final Report. Univer-
sity of Maryland. August1995. 120 pp. Order No. DE95000174. This
report examines the economics of wetland creation, restoration, and
enhancement projects, especially as they are used within the context of
mitigation for unavoidable wetland losses. Complete engineering-cost-
accounting profiles of over 90 wetland projects were developed in col-
laboration with leading wetland restoration and creation practitioners
around the country to develop a primary source database. Data on the
costs of over 1,000 wetland projects were gathered from published
sources and other available databases to develop a secondary source
database. Cases in both databases were carefully analyzed and a set of
baseline cost per acre estimates were developed for wetland creation,
restoration, and enhancement.



DOE/MT/92007-9 Characterization of Oil and Gas
Waste Disposal Practices and
Assessment of Treatment Costs. Final Report. Rice University.
August 1995. 220 pp. Order No. DE95000175. This study examines
wastes associated with the onshore exploration and production of
crude oil and natural gas in the United States. The objective of this
study was to update and enhance the current state of knowledge with
regard to oil and gas waste quantities, the potential environmental
impact of these wastes, potential methods of treatment, and the costs
associated with meeting various degrees of treatment. To meet this
objective, the study consisted of three tasks: 1) the development of a
Production Environmental Database (PED) for the purpose of assess-
ing current oil and gas waste volumes by state and for investigating
the potential environmental impacts associated with current waste
disposal practices on a local scale; 2) the evaluation of available and
developing technologies for treating produced water waste streams
and the identification of unit process configurations; and 3) the eval-
uation of the costs associated with various degrees of treatment
achievable by different treatment configurations.
DOE/MT/92008-10 Oil Production Enhancement
Through a Standardized Brine
Treatment. Final Report. Pennsylvania State University. August
1995. 272 pp. Order No. DE95000179. The Pennsylvania Oil and Gas
Association (POGA) approached the Pennsylvania State University to
develop a program designed to demonstrate that a treatment process
to meet acceptable discharge conditions and effluent limitations can
be standardized for all potential stripper well brine discharge. This
project has been under way since 1987. A bench-scale prototype
model was developed for conducting experiments in laboratory con-
ditions. The experiments in the laboratory conditions were focused
on the removal of ferrous iron from synthetically made brine. The
results of a number of experiments in the lab were indicative of the
capability of the proposed brine treatment process in the removal of
iron. In the second phase of this project, a field-based prototype was
developed to evaluate and demonstrate the treatment process effec-
tiveness. These experiments were conducted under various condi-
tions and included the testing on five brines from different locations
with dissolved constituents.

Wetland Treatment of Oil and Gas
Well Waste Waters. Final Report.
University of Michigan. August 1995. 64 pp. Order No.
DE95000176. Constructed wetlands are small, on-site systems that
possess three of the most desirable components of an industrial waste
water treatment scheme: low cost, low maintenance and upset resis-
tance. The main objectives of the present study is to extend the
knowledge base of wetland treatment systems to include processes
and substances of particular importance to small, on-site systems
receiving oil and gas well wastewaters. A list of the most relevant and

DOE/MT/92010-10

comprehensive publications on the design of wetlands for water quality
improvement was compiled and critically reviewed. Based on our liter-
ature search and conversations with researchers in the private sector,
toxic organics such as phenolics and b-naphthoic acid, (NA), and metals
such as Cu(Il) and Cr(VI) were selected as target adsorbates. A total of
90 lysimeteres equivalent to a laboratory-scale wetland were designed
and built to monitor the uptake and transformation of toxic organics
and the immobilization of metal ions.

DOE/MT/92011-12 Geologic,  Geochemical, and
Geographic Controls on NORM in
Produced Water from Texas Oil, Gas, and Geothermal Reservoirs.
Final Report. The University of Texas at Austin. August 1995. 76 pp.
Order No. DE95000178. Water from Texas oil, gas, and geothermal
wells contains natural radioactivity that ranges from several hundred to
several thousand picocuries per liter (pCi/L). This natural radioactivity
in produced fluids and the scale that forms in producing and processing
equipment can lead to increased concerns for worker safety and addi-
tional costs for handling and disposing of water and scale. Naturally
occurring radioactive materials (NORM) in oil and gas operations are
mainly caused by concentrations of radium-226 and radium-228,
daughter products of uranium-238 and thorium-232, respectively, in
barite scale. The following areas are examined (1) the geographic distri-
bution of high NORM levels in oil-producing and gas-processing equip-
ment, (2) geologic controls on uranium, thorium, and radium in
sedimentary basins and reservoirs, (3) mineralogy of NORM scale, (4)
chemical variability and potential to form barite scale in Texas formation
waters, (5) radium activity in Texas formation waters, and (6) geochem-
ical controls on radium isotopes in formation water and barite scale to
explore natural controls on radioactivity. The approach combined
extensive compilations of published data, collection and analyses of
new water samples and scale material, and geochemical modeling of
scale precipitation and radium incorporation in barite.

Microbial Technology
BNL 60119 Effects of Selected Thermophilic
Microorganisms on Crude Oils at
Elevated Temperatures and Pressures. Final Report. Brookhaven
National Laboratory. July 1995. 184 pp. Order No. DE95000159. Dur-
ing the past several years, a considerable amount of work has been car-
ried out showing that microbially enhanced oil recovery (MEOR) is
promising and the resulting biotechnology may be deliverable. At the
Brookhaven National Laboratory (BNL), systematic studies have been
conducted which dealt with the effects of thermophilic and thermo-
adapted bacteria on the chemical and physical properties of selected
types of crude oils at elevated temperatures and pressures. Current
studies indicate that during the biotreatment several chemical and phys-
ical properties of crude oils are affected.
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Objective

tion agent(s) and a mobility control agent into petroleum reser-
voirs. The first task will consist of defining the mechanisms of
interaction of an alkaline agent, a surfactant, and a polymer on
a fluid—fluid and a fluid—rock basis. The second task is the
improvement of the economics of the combined technology.

Summary of Technical Progress

This report examines the effect of rock type on oil recovery
by alkaline—surfactant—polymer (ASP) solutions. This report
also begins a series of evaluations to improve the economics
of ASP oil recovery.

A 1000-mg/L sodium chloride (NaCl) solution was used
for coreflooding and chemical make-up. Crude oil was from
the Adena field, Morgan County, Colo., a fluvial-deltaic
reservoir. The crude oil has an API gravity of 4Phe crude
oil with a dead oil viscosity is 3.8 cP at’2and 1.3 cP at the
180°F reservoir temperature. All studies performed for this
research were performed at 150 Dead crude oil viscosity
was 1.4 cP at 15T.

A series of corefloods conducted previously indicated
polymer addition to the alkaline—surfactant solution pre-
vented mobility ratio increases and improved oil recovery.

2 Injection of sodium carbonate (MaO;)—surfactant—poly-
mer recovered up to 30% of the waterflood residud oil.

The rock matrix effect on ASP oil recovery was evaluated

The objective of this study is to investigate two major areaswith a series of corefloods using Berea, J Sand, and Muddy

concerning the coinjection of an interfacial tension (IFT) reduc- Sand cores. Each core was waterflooded to residual oil



saturation (§), which varied with rock type, but all 2.0
corefloods used the same crude oil, waters, and chemicals.
Waterflood §, for Berea averaged 0.318 pore volume %
(PV), J Sand averaged 0.377 PV, and Muddy Sand aver-
aged 0.256 PV. In each coreflood, 0.300 PV of either 1.0
wt % NgCO; plus 0.2 wt % Petrostep B-100 plus 500 mg/
L Flopaam 3330S or 0.5 wt % MNaO; plus 0.1 wt % LXS
420 plus 500 mg/L Flopaam 3330S was injected followed
by 0.300 PV of 500 mg/L Flopaam 3330S. A water flush
of 1.5 PV followed chemical injection. Radial cores were
used in Berea and Muddy Sand corefloods and linear core
were used in the J Sand corefloods.

Figures 1 and 2 show the normalized cumulative oil recov-
ery vs. normalized cumulative produced fluid for the two
chemical systems. Each coreflood was normalized so that th
waterflood oil recovery is 1 and the total fluid injected at the
end of the waterflood is 1. Oil recovery with the same oil,
water, and ASP solution varied with rock type. The ASP oll
recovery variance with rock type is dependent on the chemicakig. 2 Sand type effect on oil recovery by alkaline—surfactant—polymer
solution. No difference between Berea and J Sand is seen witlolutions, LXS 420 + NaCOj3 + polymer.o, Berea sandstone# , Muddy
the LXS 420-NgCO;—polymer solution, but a difference is Sand sandstoned, J Sand sandstone.
observed when Petrostep B-100-,8@;—polymer is used.
Tertiary oil recoveries as high as 58% of the waterflood oil
recovery were observed.

The ASP flood economics can be improved either by Cost of Injected Alkaline-Surfactant—Polymer Solution
decreasing chemical use or by increasing oil recovery effi-
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Fig. 1 Sand type effect on oil recovery by alkaline—surfactant—polymer

solutions, Petrostep B-100 + NACO; + polymer. o, Berea sandstone.
¢, Muddy Sand sandstone, J Sand sandstone.

control fluid volume at 60% PV. Radial corefloods with
Berea core were performed in which 0, 10, 20, and 30% PV
of 1.0 wt % NaCOs; plus 0.2 wt % Petrostep B-100 plus
500 mg/L Flopaam 3330S was injected, followed by 60,
50, 40, and 30% PV of 500 mg/L Flopaam 3330S. A water
flush of 1.5 to 2 PV followed chemical injection. The
incremental oil recovery for each of the corefloods is
shown as percent of initial oil saturation,{S&nd percent

of waterflood G, in Fig. 3. The oil recovery is approaching
an asymptote between 20 and 30% PV ASP solution
injected. Table 2 shows the cost per incremental barrel of
oil. In this case, the most economic injection scenario
would be to inject 0.20 PV ASP solution followed by 0.40
PV polymer solution.

Because surfactant is the most expensive component in
the NgCO;—Petrostep B-100—-Flopaam 3330S injection
scheme, a series of corefloods were performed to evaluate
a surfactant taper within the ASP slug. The total volume of
1.0 wt % NaCO; plus Petrostep B-100 plus 500 mg/L
Flopaam 3330S injected was 0.3 PV, followed by 0.3 PV
of 500 mg/L Flopaam 3330S in each case. Initial surfactant



40.0 injected. Economic changes are listed in Table 3. Tapering
surfactant concentration did not improve ASP economics.
8 Continued evaluations will study methods to improve ASP
5 economics. Alteration of polymer and alkali concentrations will
£ 300 be investigated.
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surfactant—polymer (ASP) solution, Petrostep B-100 + N&O; + poly-

TABLE 2
Cost per Incremental Barrel of Oil

mer, on oil recovery .0, 30% PV ASP—surfactant base, no taper® , 30%
PV ASP—80% of surfactant base, taperedd, 30% PV ASP—68% of

surfactant base, tapered.

Volumeinjected Injectant  Incremental Cost per
ASP:polymer drive cost, oil recovery, incremental bbl,
% PV:% PV $/bbl PV PV $/bbl TABLE3
0:60 0.157 0.009 17.44 Surfactant Taper Cost per
10:50 0.246 0.027 9.12 Incremental Barrel of Qil
20:40 0.335 0.101 332
30:30 0.425 0.106 4.01 Massof surfactant  Injectant  Incremental Cost per
injected, cost, oil recovery, incremental bbl,
% of base $/bbl PV PV $/bbl
concentration was 0.2 wt %. Surfactant concentration was 138 8'132 g'égg g-?&
tapered to 0.0 wt % over the 30% PV injected in a linear fashion 68 0.365 0.048 760
such that the total mass of surfactant injected was 80 and 68% of
the base coreflood. The 30% PV:30% PV (1.0 wt %6303 plus
0.2 wt % Petrostep B-100 plus 500 mg/L Flopaam 3330S:500 References

mg/L Flopaam 3330) coreflood discussed previously is the base
coreflood. Alkali and polymer concentrations were maintained 1. M. J. Pitts|nvestigation of Oil Recovery Improvement by Coupling an

at design values as the surfactant concentration was reduced.
The normalized cumulative oil recovery vs. normalized cumu-
lative produced fluid is compared in Fig. 4. Again, the oil
recoveries and volume injected are normalized to the ending™
waterflood values for each coreflood. Oil recovery declines as
the surfactant is tapered proportional to the mass of surfactant

Interfacial Tension Agent and a Mobility Control Agent in Light Oil
Reservoirs DOE Contract No. DE-AC22-92BC14886, Quarterly Re-
port, April 1-June 30, 1994.

M. J. Pittsnvestigation of Oil Recovery Improvement by Coupling an
Interfacial Tension Agent and a Mobility Control Agent in Light Oil
Reservoirs DOE Contract No. DE-AC22-92BC14886, Quarterly Re-
port, July 1-September 30, 1994.




USING GELLED POLYMER SYSTEMS
Contract No. DE-AC22-92BC14881

University of Kansas
Center for Research
Lawrence, Kans.

Contract Date: Sept. 25, 1992
Anticipated Completion: Sept. 24, 1995
Government Award: $707,123

Principal Investigators:
Don W. Green
G. Paul Willhite

Project Manager:
Jerry Casteel
Bartlesville Project Office

Reporting Period: Oct. 1-Dec. 31, 1994

IMPROVING RESERVOIR CONFORMANCE

Objectives

membranes of various pore sizes will be used. Experiments
were conducted to determine the length of time required for
the dialysis process to approach equilibrium.

Mechanisms of In Situ Gelation

Gel treatments using the KUSP1 polysaccharide were
conducted in sandpacks and carbonate core plugs. These tests
consisted of determining initial permeability, injecting sev-
eral pore volumes of gelant through the porous medium,
shutting in the plugs for sufficient time to allow for gelation,
and injecting brine to determine posttreatment permeability.
The long-term stability of the treatment is also being as-
sessed.

Two methods were used to gel the KUSP1 polymer in situ.
In one method, gelation was promoted by the addition of an
ester. The ester reacts slowly with water to produce acid,
which reduces pH and causes the KUSP1 polymer to gel. The
KUSP1-ester system was tested in a 6.5-cm-long carbonate
core plug with an initial permeability of 18 mD. The gel
treatment reduced the permeability to 0.093 mD, a reduction
by a factor of 600. The KUSP1—ester system was also tested
in a 1-ft-long sandpack that had an initial permeability of
7300 mD. The treatment reduced the permeability by a factor
of 1700 to 4.3 mD.

A second method to gel KUSP1 is by cross-linking with

The general objectives are to (1) identify and develop porate. Borate is introduced to the system as orthoboric acid.

gelled polymer systems that have potential to improve reser-gejs formed from the KUSP 1-boric acid system are transpar-
voir conformance of fluid displacement processes, (2) deter-ent and much firmer than those formed by reducing the pH of
mine the performance of these systems in bulk and in porouscysp1 solutions. A gel treatment using the KUSP1-boric
media, and (3) to develop methods to predict the capability of 3¢iq system was conducted in a 1-ft-long sandpack. The
these_ systems to recover oil from petroleum reservoirs. treatment reduced the permeability from 7000 to 0.3 mD, a
This work focuses on three types of gel systems—an eqyction by a factor of greater than 20,000. Testing of the

aqueous polysaccharide (KUSP1) system that gels as a funqpng-term stability of the permeability reduction treatments
tion of pH, the chromium(lll)-polyacrylamide system, and s ynder way.

the aluminum citrate—polyacrylamide system. Laboratory re-

search is directed at the fundamental understanding of th@\jathematical Modeling of Gel Systems

physics and chemistry of the gelation process in bulk form and

in porous media. This knowledge will be used to develop A numerical model for in situ gelation of cross-linking

conceptual and mathematical models of the gelation processpolymer solutions is being developed. Preliminary simulations

Mathematical models will then be extended to predict the were performed to study crossflow in layered reservoirs. The

performance of gelled polymer treatments in oil reservoirs. following points summarize the physical description and key
assumptions in the simulations:

» Two-dimensional flow in the axial and vertical directions
from a single well is considered with symmetry around the well
bore. In order to simplify the numerical calculations, Cartesian
geometry is assumed. The model will be extended to radial
coordinates, but the results are expected to be qualitatively

Work has continued on a procedure to determine the size ogimilar to the results presented.
polymer—gel aggregates that form during the gelation of the « Single-phase flow is assumed. The oil in the region sur-
polyacrylamide—aluminum citrate gel system. One step in thisrounding the well bore is assumed to be completely immobile.
procedure that had been problematic is the determination of « The displacement of an initial solution with another solu-
polymer concentration. A technique to measure the concention of equal viscosity (1 cP) in a two-layered reservoir is
tration of the HiVis 350 polymer was identified and tested. considered. The layers are assumed to be of equal height (H) of
The size of gel aggregates will be measured by applying500 cm (16.40 ft) and are characterized by an axial permeability
membrane dialysis in different experiments in which (k,) and a vertical permeability [k A constant bottomhole

Summary of Technical Progress

Physical and Chemical Characterization
of Gel Systems



pressure of 200 psi is applied at time equal to zero, and the
concentration profile of the injected solution is examined
within an axial distance (L) of 300 cm (9.84 ft) from the well
bore.

The degree of crossflow in a given layer is a function of the
ratio of its vertical permeability and its axial permeability (k
k,). Depending on the value of this parameter, the flow
behavior in the layered reservoir lies between two limiting
cases.

The first limit consists of the case when the ratikis
zero for both layers. This limit physically represents a reser-
voir with each layer separated by animpermeable shale layer
Figure 1 shows the concentration profiles of the injected
solution in the two layers after 10 h of injection. The dark
region indicates the injected value of concentration, and the
light region indicates the initial concentration. The interme-

diate shaded band represents the front of the concentration®

LAFER 1

LAYER 2
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Fig. 2 Concentration profile in a two-layered reservoir after 10 h of

injection for k,/k, = 1in each layer (k=1.0 D, k, = 1.0 D in layer 1, and
k,=0.5D, k =0.5 D in layer 2).

profile as the injected solution traverses the reservoir. Pres-

sure is transmitted in each layer independently of the other,
with no crossflow between layers. The concentration fronts

concentration profiles always lie between the bounds defined
by the two limiting cases. This conclusion is not restricted

of the injected solution are closest to each other under thes@NlY to two-layered systems but may also be extended to

conditions, and the vertical velocity is identically zero for all
times.

The second limit represents the case with complete verti-
cal communication between the layers as the valug/lof k
approaches infinity. For the given parameters, this limit is
effectively realized when the ratio of/k, of each layer is
unity. The corresponding concentration profiles are shown in

multilayered reservoirs for Cartesian and radial geometries.

Fig. 2. Pressure is instantaneously equalized across the heig
of the reservoir, with the axial velocities in each layer being
proportional to axial permeability. Thus the concentration
fronts are farthest apart under these conditions, and the
injected solution in layer 1 travels twice the distance as that
of the solution in layer 2. Vertical velocities are identically
zero for all times.
For intermediate values of/k, for the two layers, finite

vertical velocities exist for varying periods of time, but the

LAFER 1

LAYER 2
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Fig. 1 Concentration profile in a two-layered reservoir after 10 h of
injection for k/k, = 0 in each layer (k = 1.0 D, k, =0 D in layer 1, and
ky=0.5D, k=0 D in layer 2).

Objective

The overall objective of this research is the development of
advanced water-soluble copolymers for use in enhanced oil



recovery (EOR) that rely on reversible microheterogeneousCharacterization of Molecular Structure
associations for mobility control and reservoir conformance. and Solution Behavior

IH and13C nuclear magnetic resonance (NMR) spectra

Summary of Technical Progress were recorded with a Bruker AC-200. A Mattson 2020 Galaxy

] Series Fourier transforminfrared radiation spectroscope (FTIR)

Quaternary Ammonium Cyclopolymer was used to obtain infrared spectra. A Hewlett Packard 5890
Synthesis Series |l gas chromatograph equipped with an Alltech AT-5

capillary column was used to determine the purity of liquid
samples. A Hewlett Packard Model 1050 high-pressure liquid
chromatograph (HPLC) was used to determine the purity of
solid samples. A Waters Bondapak C18 column was used with
methanol as the mobile phase. Classical light-scattering stud-
ies were performed with a Chromatix KMX-6 low-angle laser
light-scattering spectrophotometer with a 2-mW helium—
neon laser operating at 633 nm. Refractive index increments
(dn/dc) were obtained with a Chromatix KMX-16 differential
refractometer. The molecular weight of PDADMAC was
measured in OM sodium chloride (NaCl) solution. For
hydrophobically modified copolymers, methanol was used as
a solventin the light-scattering studies to disrupt hydrophobic
associations and to keep the copolymers from interacting with

Cationic quaternary ammonium polyelectrolytes have been
the subject of increased research efforts in recent years be
cause of their diverse commercial applicatibAsnong the
most prominent technological water-soluble cationic ammo-
nium polymers is poly(diallyldimethylammonium chloride)
(PDADMAC). The synthesis of the hydrophobic comonomer
N,N-diallyl-N-(4-hexyloxybenzyl)-N-methyl-ammonium
chloride is depicted in Scheme 1. The synthesis of the
cyclocopolymer from N,N-diallyl-N,N-dimethylammonium
chloride (DADMAC) and N,N-diallyl-N-methyl-N-(4-
alkoxybenzyl)ammonium chloride is illustrated in Scheme 2.

_CH,—CH=CH, CH,CI the filter. Steady-state fluorescence measurements were made
CHz —N{ + ﬁ\ j with a Spex Fluorolog-2 fluorescence spectrometer and cor-
CH,—CH=CH, .
/N cr rected for the wavelength dependence of the detector with the
use of an internal correction function provided by the manu-
O(CH,)CH, facturer. Viscosity measurements were conducted with a

Contraves LS-30 low shear rheometer at a constant shear rate
of 1.28 st at 25°C unless otherwise noted.
O(CH,)sCH; The viscometric studies were performed at low shear rate
(1.28 s to minimize shear-dependent conformational

Scheme 1 Synthesis of N,N-diallyl-N-(4-hexyloxybenzyl)-N-methyl- . T, .
changes. Figure 1 shows the change of intrinsic viscosity as a

ammonium chloride.

ﬁ\ l\jCI j j
(:H3
—_—
2
-
OR °©
R = (CH,)sCHj, (CH,),CH; =
W V
CH3
TTTTTTT T T T T T T I I T T T T T T I T T T T T T T T T I T T T T I T T I T T T TITT I rTT T
0.00 5.00 10.00 15.00 20.00 25.00 30.00
C , mol %
O(CHZ)SCH3 hydrophobe
Fig. 1 Effect of hexyl and octyl group content on the intrinsic viscosity
Scheme?2 Copolymerization of diallyl monomers to give hydrophobically [ of hydrophobically modified cyclopolymers in deionized water at
modified cyclopolymers. 25°C.¢,17-C6. % , 17-C8.



function of hydrophobic group content for the hexylbenzyl solution. The relaxation rates; Bnd R, are sensitive to
and octylbenzyl copolymer series. Intrinsic viscosities de- changes that affect the overall motion in solution and to
crease continuously with increasing hydrophobe concentra-electric field gradients (efg) about the nucféNa relax-

tion for both hexyl and octyl copolymers. ation rate measurements and chemical shift values thus
provide a meansfor investigation of cation binding to

23Na NMR Studies of lon-Binding polyelectrolytes and for observation of conformational

to Anionic Polyelectrolytes changes that may occur as the degree of ionization along

the polymer backbone increases.

Copolymers of acrylamide with sodium 2-acrylamido-2-  The results fo?3Na NMR relaxation studies have gener-
propanesulfonate (NaAMPS) and 3-acrylamido-3- gy been interpreted with the use of a two-site model for the
methylbutanoic acid (NaAMB) maintain viscosity in high  gpserved line widths or relaxation rates. The two-site model
concentrations of divalent salts and do not phase separate i justified when the exchange rate for the Naclei between
the presence of Caat temperatures up to 100 [polymer  the polyanion and bulk solution is faster than the NMR
structures (poly(sodium acrylate) (NaAA), poly(sodium gpservation time, which is usually the case for the sodium salts
galacturonate) (NaGAL), NaAMB, and NaAMPS are shown of polyanions. The observed relaxation rates are therefore an
inFig. 2]. Unlike NaAMPS, however, the NaAMB homopoly- - ayerage of the relaxation rates for the unbound fractig(P

mer will phase separate at temperatures aboV€ M high  free sodium nuclei and the fraction of ions boung) @the
concentrations of calcium chloride (CaClThe amount of  holymer

C&* necessary to precipitate NaAMB far exceeds the sto-
ichiometric concentration required to bind to all the anionic

sites. Riobs = PeR1r + BiRyp @
The23Na relaxation rates for the polyion systems studied
in this work have been used to yield correlation timesa Raobs = PrR2F + RRzp 2

theoretical estimate was used for the fraction of bound monova-

lentions, I, in the presence of excess divalent ions. Correla- The magnitude of the relaxation rate depends on the strength
tion times were then used to obtain values for the quadrupolaof the efg experienced by the sodium nuclei at the polyion
coupling constanty. The Manning two-variable theofy,  surface, the lifetime of the Nat the site, and the number of
which has been demonstrated to be qualitatively descriptive ofthe sodium nuclei that are bound. The longitudinal and trans-
the fraction of ions bound in the presence of divalentions, wasverse relaxation rates generally display single exponential
used to determine the values f@ifé* Na' in the presence of  behavior of the intensity of the NMR signal {M as a

excess divalent ions. function of t, the relaxation delay.
2Na nuclei are well suited for the study of cation
I . 0
binding behavior to electrolytes because of a 100% natural M o) =M o =[M (O =M, eRu &)

abundance and a high magnetogyric ratio that allow obser-
vation by NMR. The sodium ion has a spin 3/2 nucleus in
which relaxation is dominated by quadrupolar effects in M1 ops(t) =M (0) eR2t @)

This is a result of the rapid motion and reorientation of the

—(CH, _TH)_ —(CH, _TH)_ —(CH, _TH)_ sodium nuclei such thait .<0.25 and consequently R R,.
c=o c=o c=o Under conditions of fast exchange aad, >1.5, R is no
|O_ Na* LH ,LH longer equal to R and the relaxation rates become
NaAA | | biexponential decays of the intensity of the NMR transition
CHs_‘f_ CHy CHs_‘f_ CHg and the relaxation delay, t.
CH, <|:H2
f|3=0 0=T=O M 4s(t) =M (0) 0.6 e + M _((0) 0.4t (5)
0" Na* O Na*
NaAMB NaAMPS Here R; and Rrefer to the fast and slow components of
COO™ Na* the relaxation decay, respectively. In practice, only the
— o) transverse relaxation has been observed to display signifi-
OH cant biexponential decay with the longitudinal relaxation
0—)— having single exponential behavior. When 0.2b¥
< 1.5, the biexponential behavior is diminished, but the
NaGA‘EH relaxation rates are approximately exponential with
R, # R,. Under these conditions, can be obtained from
Fig. 2 Structure of copolymers used in NMR studly. the ratio of R to R,.34



NMR, Viscosity, and Phase Separation
Measurements

Sodium NMR measurements were conducted &tC25
with a Bruker MSL-400 operating at 105.6 MHz féNa
nuclei. Interpretation of théNa NMR measurements re-
quires the condition of fast exchange such that the observed
relaxation rates are an average of the bound and unbotnd Na,
ions (two-site model). This was verified as an increasgin R [~
with reciprocal of temperature (Fig. 3), as described by g
Grasdalen and Kvafand has been reported for a number of
polyelectrolyte$-6 The relaxation data vs. the ratio of the
number of equivalents of added salt to the number of charged
polymer sites are plotted.

Biexponential relaxation rates were observed to be time ks
dependentin solutions of NaAA, NaAMB, and NaAMPS with
Ros decreasing slightly to a constant value over the course of
approximately 1 month. This behavior is reminiscent of the
time dependency in the viscosity of NaARHhd is consistent
withinitial clustering of polymer chains that slowly deaggregate rig. 4 Longitudinal (Ry) and transverse (Bsand Ryy) relaxation rates of
upon dissolution. Polymer solutions stored in polypropylene NaAA with increasing Na* and K* concentration. The polymer concen-
containers to eliminate the possibility of Nans diffusing ~ tration is 0.1 g/dL. —8—, Ry, Na". —8—, Ry, Na’. —0—, Ry K.
into the solutions from glass behaved the same as those stored” Rop K. —+-- Ry, Na'. ~A~-, Ry Na™ —*-- R, K™.
in glass containers. The increase in biexponential relaxation
(AR, = Ry —R,,) with decreasing polymer concentration
for NaAA correlated with that predicted by Halle etBbr the
polymer concentration (0.0M) used in this workAR,, with ] o ]
no added salt is approximately 140 Hz. and the single exponential fits to the transverse relaxation

The behavior of Rfor sodium counterions with NaAA ~ are not presented to avoid further confusion on the plots.

in the presence of added Nend K* is shown in Fig. 4. The ~ The Ry data for K are nearly identical to those for Na
effect of added Nzon R, is also shown. The Rlata for K The experiments by Leyte and coworkedemonstrated
that the biexponential behavior of sodium

(polystyrenesulfonate), NaPSS, diminished as the concen-
tration of added NaCl increased to approximately twice
the polymer concentration. In Fig. 4,:Rand R reach

N —f — — — — - —— -+
T | T | T | T | T
0.00 1.00 2.00 3.00 4.00 5.00

Cy +/C,, Eq.

28000 similar values atCg; / C, = 3. Biexponential relaxation
of NaAA with added Naand K is nearly identical, which
240.00 — indicates similar binding of the ions to NaAA.
— |
20000 — 23Na NMR Studies of Hydrophobically
- Modified Polyacids
T 16000 The major objective of this work was to investigateZdi&a
+Z«§ ] NMR, the behavior of sodium hydroxide-neutralized acrylicand
& 120007 n methacrylic acid copolymers that have been prepared with 1 and
. n 10 mol % 2-(1-naphthylacetamido)ethylacrylamide (NAEAM)
80.00 — ,_,.;;ﬁ comonomer (Fig. 5). The NAEAM comonomer serves a dual
4 g purpose of acting as a hydrophobe and a fluorescence label. A
= .E.'-_--::-:‘—"’*w further objective of this work was to ascertain whether or not the
40.00 — it - - . ;
| 23Na NMR method might be useful in probing the pH-respon-
sive domain organization deduced from previous photophysical
000 I L L L and viscometric studies.
0.0026 0.0028 0.0030 0.0032 0.0034 The longitudinal and transverse relaxation rates of poly(acrylic
T K acid) (PAA), poly(methacrylic acid) (PMA), and the labeled,
Fig. 3 Slow component of the relaxation rate, R, of NaAA (3), NaGAL hydrophobically modified NAA and NMA series (Fig. 5) will be
(m), NaAMB (o), and NaAMPS @) as a function of temperature (T) at a presented. The slow and fast tregise relaxation rates,,R
polymer concentration of 0.1 g/dL. and Ry, respectively, are included when the relaxation



decays displayed biexponential character at low degree ofand V/I, decreases slightly. The number of ions bound and the
ionization,a . At a values above 0.8, biexponential rate strength of the binding in the hypercpillay roles in the
behavior was observed; however, these data are not presbserved changes.

sented because the region of interest for this study is
values less than approximately 0.8. Correlation times,
are calculated from\(R; /R,) becausewrt, > 0.25 over

the range of alla values. For the NMA series, the 19500
biexponential relaxation rates observed at lawwere
also used to calculatB,x2. 135.00—
In Fig. 6 the transverse and longitudinal relaxation rates
for NAA-1 are plotted as a function of the degree of 115.00—]
ionization. R and R values are nearly identical for NAA-
1 and PAA. Also, the values for the latter are consistent
with those from previous studiésin Ref. 7, B has . 95.00—
slightly higher values than;Rwhich indicates thatot, > “’
0.258 The data presented in this work also demonstrate 2 75.00—
that wt, > 0.25, as evidenced by the inequality gfaRd & '
R, over the range of pH values studied. Both relaxation
rates increase smoothly towamd= 1. The similarity in the 55.00—
relaxation rates for PAA and NAA-1 demonstrates that
incorporation of 1% NAEAM has no observable effect on 2500
the23Na NMR behavior. '
Figure 7 illustrates the dependence @fdRd R on o |
for NAA-10. The behavior is quite different from that 15.00 , , , ,
observed in PAA and NAA-1. Below = 0.5, R can be 0.20 0.40 0.60 0.80 1.00

resolved into slow and fast {§Rand Ry, respectively)
components. Note that a substantial decreasg am& R

is matched by a marked increasedthy) (the fluorescence
intensity ratio of excimer to monomer designated by the
stars in Fig. 7) ast approaches 0.5. These superimposed
data are from previous studfesn this polymer by this
group. This behavior is consistent with the adoption of a
pseudomicellar conformation with high values g ;.2

The micelle-like or hypercoil structure persists at still higher

o

Fig. 6 Transverse (B) and longitudinal (R;) relaxation rates of PAA
and NAA-1 with increasinga . The polymer concentration is 0.1 g/dL.
—0—, PAAR,. —0—, PAAR;. —8— NAA-1R,. —+—,NAA-1R;.

. . 115.00 0.70
values ofa up to 0.7, beyond whichy,fcreases dramatically |
R — 0.65
95.00 — _
c=o0 c=o0 _ N
| | 75.00 s
OH NH " - .
(|:H £ 55.00—] — 050 %
2 — -
I o
CH I— 0.45
2
| 35.00 — 7]
NH — 0.40
| _
c=o0 15.00 0.35
| T | T T T
CH, 0.10 0.30 0.50 0.70 0.90

Fig. 5 Structures of the NAA and NMA copolymers. R =—H: NAA-1, 10.
R = —CH3: NMA-1, 10.

Fig. 7 Transverse (B) and longitudinal (R,) relaxation rates of NAA-10

with increasing a along with the biexponential transverse relaxation
rates (R,s and Ry). The ratio of excimer to monomer, fluorescence
emission (E/l ) is also depicted. The polymer concentration is 0.1 g/dL.
—o—, Rj. —#— Ry, —0—, Ryg —0—, Ry —

Il



Solution Rheology As shown in the preceding equations, the nature of the porous
) medium is specified by the diameter of the spherical particles,

NaAMB/AM Copolymer Solution Flow d, forming a bed with porosityp The fluid flow resistance

Behavior in Porous Media through the bed is measured by the pressure drop per unit

When using a dilute polymer solution to flood an oil reser- length of bed, AP/ Al. Flow conditions through the bed are
voir, the displacing fluid should have a high resistance to flow defined by the average fluid velocity, v. This velocity is based
within the porous medium. High flow resistance increases On the cross-sectional area of an empty bed. The fluid velocity
movement of residual oil to a producing well and thus enhancegvithin the pore channels within the bed would be the empty
oil recovery. Fluid resistance results from polymer coil molecu- bed velocity divided by the bed porosity. Solution properties
lar distortions during flow through the small and tortuous Of shear viscosityn,, and density,p, are also used in the
channels of the porous medium. Polymer solution behavior indimensionless groups. The coil response timecan be
complex porous media can be modeled with the use of packe@Stimated from the intrinsic viscosity of the polynief, its
beds of uniform solid spheres. molecular WeightM, and the temperature, T.

As polymer coils in solution pass through a bed of packed ~Past experimental work has shown that, as theb
spheres of diameter d, they travel through a continuous andPr0@ches unity, amaximum solution flow resistance develops
interconnected series of converging and diverging cavities. Thead is maintained at higher;®° The maximum in the
fluid in this geometry will continually accelerate and decelerate "ormalized flow resistance is expected to be a function of
as it passes from cavity to cavity. Fluid acceleration and decelPOlymer molecular weight, macromolecular structure, and the
eration forces will compel the polymer coils to extend and then ONcentration of polymer coils in solution. _
contract or recover after each extension. The number of coil 1€ high-molecular-weight random copolymers used in
extensions and recovery cycles is equal to the numberofcavitie&hls St“qy were synthesuzeq from acrylamide (AM) and.3-
passed through by the polymer in a given time. acrylamido-3-methylbutanoic acid (AMBA) monomers in

Each coil extension recovery cycle will convert some fluid the ratio as described in previous publicatign$? Four

kinetic energy into heat. This energy conversion will be sensedCNZFf'\IXgers in the 50"0,' forn; Vé//egrg S)l/(r;;ggsaed and h‘?d A'Vfll
as a higher solution pressure drop across the hbdas giff ] molnomler ra‘qor?t 0 q 2’0 180 Th(two samp esl 0 ‘
compared to the pressure drop of a solvent flowing through the : edretn mokecu”ar V\lle'g S), Iar'l ' i e %qg\%oﬁgé? ven
bed at the same flow conditions. This fluid pressure increase i sz h odma «©a .?o yfn;e;;) uplor?[oszgon aine
expressed as a normalized flow resistatiée, an S Iat' av'si?ﬁ Iy or . | cra ivzed with th

The normalized flow resistanc®, is directly related to the ¢ to tliJ '023% nersnei c:)ipﬁtymetrts \:\i/r?re r;n? yzterizWIti n te uks1e
amount of energy converted (o heat by the polymer coils as the)Qi Su:’;‘s(ioafind gloi?siz(:as gmofg?ulgr WgeiC hat‘sa(;r?d v?racljcogf?‘i
travel through the packed bed and are continually extended ang'd ! gnis, .

. . cients. A low shear Contraves rheometer was used to estimate
contracted. Thus Durst plots, which show the normalized flow SR oo e
resistance vs. Deborah numbeg)(@how the efficiency that each solution intrinsic viscosity in the limit of zero shear rates.
L o . Table 1 lists polymer properties and the calculated dilute

polymer coils convertkinetic energy to heat as a function of flow

conditions, porous media geometry, and polymer pro ertiesancfOIutiorl coil response times for each polymer,
concentra£ign 9 y: polymer prop The porous media rheometdused for this study is shown

The normalized flow resistanc®#, measures solution flow in Fig. 8. As shown by the Durst plots of Figs. 9 and 10, all

. . ) o " lymer solutions show th m nerally ex .
resistance in a porous media under conditions specified by th glgtioﬁsici)puw sshowthe same generally expedtes. 0,
]I:{e}[/nok:;? nd I?etporafh nudm:?]er?._lttl_s Ca;lcutlatec: Itr]omtfllefn::t:con As shown by both figures, at.® less than 0.1%¥ values
actoro de f?hu ion, 1, artI) d eR ne IOIS ac ortc)) € ;:\gn ' are usually less than 4. As thegiBcreases above 0.1, thié
measured at the same bed Reynoids numboer. Y € values increase to a maximum atgbabout 0.5. In contrast
product of the polymer coil response timeand the average

fluid extensi i hich d q fuid vel to previous observatiori8,however, theW parameter de-
uid extension rate,] which depend upon average fiuid veloc- creases as the.lincreases to values greater than 0.5. This

ity and the pore geometry. These dimensionless parameters arR quction in the normalized flow resistance at highes B

defined by the following relationships: probably due to the diminished ability of polymer coils to
convert kinetic energy to heat as they are extended and
D =\ W= f—fg © compressed at faster rates. At faster fluid flow conditions, the

e f{nlC polymer coils are unable to follow in concert with the rapidly
changing local fluid flow fields because insufficient time is
(2)1/2 v vdp available for coil deformation during fluid acceleration and
0= = — @) coil recovery during fluid deceleration. As a consequence,
dep n{1-® less total coil extension and compression is experienced each
cycle, and thus less energy is converted into heat by the
= nJn] M f= dg3 AP ) macromolecules. Therefore the solution will have less resis-
RT v2(1-q@p Al tance to flow through the porous medium at highgs.D
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TABLE1

NaAMB/AM Copolymer Solution Propertiesat 25 °C Using 0.514M NaCl Aqueous Solvent

Copolymer
monomer Polymer coil
molar Intrinsic  Diffusional Hydrodynamic  Radius of Weight average  Second viral response
ratio viscosity  coefficient radius gyration molecular weight coefficient time
NaAMB:AM n D e ¥ 16 Ry Ry M x 108 A, x10* T
Dimensionless dL/g cm?/s A A g/mol mL mol/g? sx 103
0:100 7.2 - — — 33 — 1
5:95 17 13 1800 2950 12 2.8 8.3
10:90 4.8 - - — 19 - 04
10:90 18 5 460 — 11 — 7.8
20:80 46 0.68 3400 3700 14 31 26.2
40-mm In- ;
line filter Porous media Porous media
Nupro ’ flow cell No. 1 flow cell No. 2
No.SS-4TF-40 I
- 2 il
Differential pressure ]
Constant transducers (Validyne DP15) P
pressure ;s
reservoir, S
3L . o,
Sample reservoir R
1000 mL, gravity fill l )
S 4000-g balance
R (Mettler PM4000)
\ High-pressure
nitrogen source .
with 30-psi Camile
regulator process
controller
Pressure
) ) probes
Porous media packing (0.159-cm diameter stainless tubing
Class 6A 297 or 149 um with two 0.009-cm x 0.42-cm slits)
spherical microbeads from
Cataphote Inc.
0.07-cm through hole H
1.0cmy i b1.0cm
W—191cm 44— 0 cM————p 4> —
o;«*x”»;o DOCHCHCIONCN W)
‘ OOGONEELLNN B8
1.57 cm :»:o:o:«:x:»:o:o’a:r:a:‘c :o:v: 1.0cm
C IO NI S0 NI C (L)
RIS, RN £ 1.26.cm

0.64cm

0.1¢cm
M—=1.0cm-M

\Packing /

retainer 149, 390, 149 mesh

plug (PVC PP screens.
9 ) 149 screens against c‘

retaining plug and packing.

O-ring

Porous media flow cell

Swagelock No.SS-400-6ST

Fig. 8 Porous media elongational flow rheometer system.
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NORMALIZED SOLUTION FLOW RESISTANCE (V)
N
g

01 10 0.1 1.0 01 1.0
DEBORAH NUMBER (D,)
@ (b) (©)

Polymer concentration: Polymer concentration: Polymer concentration:
e, 250 ppm e, 250 ppm ®, 250 ppm
u, 500 ppm u, 500 ppm m, 500 ppm

NaAMB/AM 10/90 copolymer in 0.5M NaCl solvent  NaAMB/AM 10/90 copolymer in 0.5M NacCl solvent  AM copolymer in 0.5M NaCl solvent

Weight average molecular weight, 1.9 x 10° g/mol  Weight average molecular weight, 10.9 x 108 g/mol Weight average molecular weight, 3.3 x 10° g/mol
Intrinsic viscosity, 4.8 dL/g Intrinsic viscosity, 17.7 dL/g Intrinsic viscosity, 7.2 dL/g

Polymer coil response time, 0.4 ms Polymer coil response time, 7.8 ms Polymer coil response time, 1.0 ms

Fig. 9 Flow resistance of 3-acrylamido-3-methylbutanoic acid—acrylamide (mole ratio of 1:9) copolymers and polyacrylamide homopolymer solutions.
® andm, bed 1 (d =283um). o andO, bed 2 (d = 150um). Note: d = diameter of spherical beads forming the packed bed.

When the polymer has a low molecular weight, very large pared to solvent per dimensionless concentration of polymer
fluid velocities are needed in a porous medium to achieye a D coils in solution. Because higher molecular-weight polymers
greater than 0.1. This can be shown by using parts a and b dfiave larger intrinsic viscosities than lower molecular-weight
Fig. 9 to compare the flow performance of low and high polymers (coils occupy more volume per unit mass polymer),
molecular weight NaAMB/AM copolymers. For these two less high-molecular-weight polymer mass is needed for the
copolymers to have the same fibw conditions, the fluid same dimensionless concentration; thus less mass of a high-
velocity of the low-molecular-weight copolymer must be molecular-weight polymer is needed to achieve the same
about 20 times as large as the high-molecular-weight copoly-normalized flow resistancéy, when compared with lower
mer because, for equal’B, the fluid velocities must scale to  molecular-weight polymer.
the ratio of the inverse of each copolymer response time Polymer molecular structure is also an important factor
(7.8 ms/0.4 mg1 20). influencing solution flow resistance. Parts a and b of Fig. 10

These results show that low-molecular-weight polymers show Durst plots of three different NaAMB/AM copolymers.
would not have significant extensional flow resistance in The molecular weights of all three copolymers are about the
reservoirs because the fluid velocities at typical flooding same; however, the difference in copolymer monomer com-
conditions away from the injection well are too low to cause position has greatly affected the expansion of the polymer
coil extension. In contrast, a high-molecular-weight copoly- coils. The NaAMB/AM 20/80 copolymer with 20% NaAMB
mer coil can be extended in the porous media at much lowemonomer has an intrinsic viscosity of 46 dL/g. This intrinsic
fluid velocity, and therefore high-molecular-weight polymers viscosity is 2.5 times as great as the other two copolymers.
are better candidates for reservoir flooding. Also, as shown by Table 1, the macromolecular coils of the

The normalized flow resistancé&, is directly propor- 20/80 copolymer are much larger in diameter than those of the
tional to the difference between solution and solvent friction other two copolymers. The 20/80 monomer composition has
factors, f —§ and is also inversely proportional to the product greatly expanded the polymer coils in solution.
of the dimensionless concentration of polymer coils in solu- When compared with the 3.3 million molecular-weight
tion and solvent friction factor. The dimensionless concentra- AM homopolymer shown in part ¢ of Fig. 9, the 14 million
tion of polymer coils is the product of the polymer’'s mass molecular-weight 20/80 copolymer shown in part ¢ of Fig. 10
concentration and its intrinsic viscositgn]; thus ¥ is a has a coil response time that is 26 times as great (26 ms vs.
measure of the increase in solution flow resistance as com4 ms). Thus, even at very low porous media fluid velocities,

12
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20/

10}

NORMALIZED SOLUTION FLOW RESISTANCE (V)

DEBORAH NUMBER (D,) = Ot
@ (b) (©

Polymer concentration: Polymer concentration: Polymer concentration:

+, 50 ppm ®, 250 ppm ¢, 54 ppm

4,100 ppm u, 500 ppm ®, 166 ppm

e, 250 ppm NaAMB/AM 10/90 u, 466 ppm

m, 500 ppm Copolymer (T = 7.8 ms) NaAMB/AM 20/80
NaAMB/AM 05/95 Copolymer (T = 26 ms)

Copolymer (T = 8.3 ms)

Fig. 10 Durst plots showing flow resistance of 3-acrylamido-3-methylbutanoic acid—acrylamide copolymer solutions through packed beds at@5
® andm, bed 1 (d =297um). 0 andr, bed 2 (d = 149um).

the 20/80 polymer coils will experience elongation and there- bed in a highly extended state, and less fluid kinetic energy is
fore have a large resistance to flow. converted to heat. Thus the normalized flow resistance should
All of the Durst plots show the same general behavior decrease to zero in the limit of high'®
regardless of polymer type. AtBumbers less than about 0.1,
the normalized flow resistance is very low, which indicates Conclusions
that almost no polymer coil extension and recovery are occur-
ring under these conditions. AtBbetween 0.1 and 0.8, the Of all the polymers examined, the NaAMB/AM 20/80
normalized flow resistance increases to a maximum but thercopolymer solutions had the greatest porous media flow
decreases as the Dicreases to higher values. This suggests resistance because the polymer coils of these macromolecular
that the degree of polymer coil expansion and recovery is atstructures are greatly expanded and can elongate and recover
first accelerating under these conditions and then reaches # extensional flow fields with low average fluid velocities.
limit at a D, of about 0.6. Above thisDthe polymer coils are The use of high-molecular-weight, highly expanded co-
probably not able to completely recover all the large exten-polymers (such as the NaAMB/AM 20/80 shown in part ¢ of
sional strains developed during previous extension recoveryFig. 10) vs. lower molecular-weight polymers that are not
cycles. Thus they have less potential to extend in subsequergreatly expanded (such as the AM homopolymer shown in
extension recovery cycles. Therefore, at highgs,Ehe coils part ¢ of Fig. 9) has a dual advantage in reservoir flooding.
travel through the bed in a more extended state. They will haveSolutions of larger molecular-weight macromolecules with
less and less recoverable extension as they travel from cavitgxpanded polymer coils not only require less polymer mass
to cavity. At very high s, the polymers travel through the for a given fluid flow resistance but also this resistance is

13



experienced at lower flow rates through the porous media.

Objectives

Thus they are effective flooding agents even at low concentra-
tions and have a significant economic advantage.

10.
11.

12.

13.
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The objective of this research is to elucidate the mechanisms
of adsorption and surface precipitation of flooding surfactants
on reservoir minerals. The effect of surfactant structure, surfac-
tant combinations, and other inorganic and polymeric species
and solids of relevant mineralogy will also be determined. A
multipronged approach consisting of microspectroscopy and
nanospectroscopy, microcalorimetry, electrokinetics, surface
tension, and wettability will be used to achieve the objectives.
The results of this study should help in controlling surfactant loss
in chemical flooding and also in developing optimum structures
and conditions for efficient chemical flooding processes.

Summary of Technical Progress

The adsorption and desorption behaviors of
tetradecyltrimethyl ammonium chloride (TTAC) and
pentadecylethoxylated nonylphenol (NP-5) mixtures as re-
ported earlier were rather complex. To better elucidate the
interactions involved, fluorescence spectroscopy and ultra-
filtration were used during this report period to probe the
microstructure of the adsorbed layer and to determine indi-
vidual surfactant monomer concentration, respectively. It
was observed that pyrene was solubilized in mixed aggre-
gates (hemimicelles) of a 1:1 TTAC:NP-15 mixture at the
alumina—water interface over a wider concentration range
than for TTAC alone. It was also observed that the adsorbed
aggregate of a 1:1 TTAC:NP-15 mixture is as hydrophobic as
the mixed micelle in solution. This is contrary to what was
observed for the adsorption of TTAC alone: pyrene was
preferentially solubilized in the TTAC micelles rather than
the adsorbed aggregate. The preference of pyrene for the
mixed adsorbed aggregates over individual aggregates is
relevant to the application of surfactant mixtures in enhanced
oil recovery (EOR) and solubilization.

The adsorption/desorption behavior of surfactants is di-
rectly related to the monomer concentration of the surfactant,
hence it is important to monitor changes in monomer concen-
tration during the adsorption and desorption processes. Ultra-
filtration can be used to monitor the monomer concentration
in solution and at the interface to determine the partitioning of
the surfactants to the solid-liquid interface. During this report
period, ultrafiltration techniques were first adopted to deter-
mine the monomer concentrations of the individual surfac-
tants, which were then compared to those obtained from
theory. The results show that ultrafiltration is a reliable
method for the TTAC and NP-15 system, and the phase
separation model is suitable for these two single surfactants.

Fluorescence Probing of Mixed
Surfactant Adsorbed Layers

Pyrene monomer fluorescence is known to be sensitive to
the medium in which pyrene resides. In a hydrophobic



environment, the ratio of the intensities of the third to the first
peak (k/1;) on a pyrene emission spectrum is higher than that
when the pyrene is in a hydrophilic environment. Because
this ratio can be used to characterize the polarity of environ-
ments, it is termed the polarity parameter.

The changes in the polarity parameter of pyrene adsorbe
at the alumina—water interface in the presence of a 1:1
mixture of TTAC and NP-15 are shown in Fig. la. In
addition, emission of pyrene in the supernatant after adsorp
tionis alsoindicated in Fig. 1b. Itis observed that pyrene goesg
to the alumina—water interface when the total residual con-2
centration reaches about X304 M. The value of thejll;
ratio (polarity parameter) increases with increase in adsorp—é
tion density, suggesting an increase in the number of hydro-&
phobic aggregates at the interface. In the supernatant there
are also hydrophobic aggregates as indicated by the increase
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in the value of the polarity parameter. It is interesting to note
that the critical micelle concentration (CMC) of the mixture
is 1.7x 104 mol/L (total surfactant concentration), but the

1x10° 1x10™ 1x10° 1x10% 5x107
(b)
TTAC RESIDUAL CONCENTRATION, kmol/m®

adsorption continues to increase even above this concentraFig. 2 Adsorptionisotherm of tetradecyltrimethyl ammonium chloride

tion. This is attributed to partitioning of the surfactants to the
interface, which results in different mixture compositions in

(TTAC) on alumina (a) and corresponding changes in pyrene monomer
fluorescence from the interface and in supernatant (b, adsorption of
TTAC. m, emission of pyrene.

the bulk and in the adsorbed layer. Rise in the adsorption

density, which usually is indicative of strong lateral surfac-

It is seen that pyrene dissolves in 1:1 TTAC:NP-15 mixture

less sharp in this case. This is attributed to the poor ability ofmixed aggregates even after the formation of mixed micelles in

the surfactant species to pack at the interface.

It is interesting to compare the behavior of the 1:1
TTAC:NP-15 mixtures to that of TTAC alone at the alumina—
water interface. The adsorption of TTAC alone on alumina

the supernatant. In contrast, in the case of TTAC alone, pyrene
goes to the alumina—water interface over a narrow concentration
range. Once TTAC micelles appear in the supernatant, pyrene is
preferentially solubilized into these micelles and does not go to

along with the emission of pyrene from the adsorbed layer isthe alumina—water interface despite the presence of TTAC

shown in Fig. 2.
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Fig. 1 Changes in pyrene polarity parameter at the alumina—water
interface in the presence of a 1:1 mixture of tetradecyltrimethyl ammo-
nium chloride (TTAC) and pentadecylethoxylated nonyl phenol (NP-15)
(a) and emission of pyrene in the supernatant after adsorption (bm, at
interface. ®, adsorption.d, in supernatant.
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aggregates. Thisindicates that for TTAC alone the hydrophobic-
ity of micelles of TTAC is higher than that of adsorbed TTAC.
This is most interesting and different from earlier observations
with linear alkyl surfactants, such as sodium dodecyl sulfate
(SDS). Also, in the 1:1 TTAC:NP-15 mixture system, the
hydrophobicity of adsorbed aggregates and micelles is almost
the same over the concentration range studied. Presence of the
nonionic surfactant in the mixed aggregate will reduce the
repulsion between the cationic heads of the adsorbed surfactant
and assist the packing (and hydrophobicity). It may also be
geometrically easier to pack the two together than TTAC alone,
which has a bulky head group. It will be useful to determine the
composition of the adsorbed aggregates to ascertain the parti-
tioning of the component surfactants to the interface. Note that
partitioning of organic compounds in EOR processes will be
dictated by the relative hydrophobicity of the adsorbed aggre-
gates and micelles in the system, and hence it is important to
understand the nature of hydrophobicity changes in mixed
surfactant systems.

Measurement of Monomer
Concentration by Ultrafiltration

Information on changes in the monomer concentration of
individual surfactants in mixtures during the adsorptiotites



because the adsorption behaviors are directly related to thenother liquor concentrations are lower than the CMC of
monomer concentration of each component in the mix- the surfactants, monomer concentrations (or filtrate con-
tures. Ultrafiltration is a method that can be used to centrations) are the same as the mother liquor concentra-
separate the monomer and micelles directly. During this tions and increase linearly with concentration. Above the
report period ultrafiltration was used for determining TTAC CMC, the monomer concentrations obtained by ultrafil-
and NP-15 monomer concentrations. tration are relatively constant.

The cell and membrane used in this study were obtained These results show that the ultrafiltration method is
from Amicon Co. (model 8050 and YM-3 membrane). The suitable for separating monomers from micelles in this
membrane chosen was specified to exclude molecules withsystem. The monomer concentrations predicted by the
molecular weight greater than 3000. Because the micelles ofphase separation model are also plotted in Figs. 3 and 4 so
both TTAC and NP-15 will be considerably larger than this that the results from ultrafiltration can be compared with
molecular-weight cutoff, this membrane was considered sat-the results with the phase separation model. It can be
isfactory for separating monomers from micelles. A constant found that experimental results and the phase separation
pressure of 910 mm mercury was exerted on the mother liquormodel are almost the same except around the CMC. In this
using compressed nitrogen, and the effluent was collected atoncentration range, the monomer concentrations obtained
atmospheric pressure. All experiments were performed at anfrom ultrafiltration are lower than the concentrations pre-
ionic strength of 0.8 sodium chloride (NaCl) so that the dicted by the phase separation model. This may indicate
effects of diffusion potential on the transport of dispersed formation of some pre-micellar aggregates in solution,
surfactant through membrane was negligible. and this aspect merits further investigation. The monomer

The results obtained from ultrafiltration experiments concentrations for the mixed surfactant systems will be
are shown in Figs. 3 and 4. It is observed that when themeasured in future work.
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Fig. 4 Monomer concentration of pentadecylethoxylated nonylphenol
(NP-15) as the function of total concentrationt, experimental.o, phase
separation model.

Fig. 3 Monomer concentration of tetradecyltrimethylammonium chlo-
ride (TTAC) as the function of total concentration.d, experimental.
0, phase separation model.
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Theory

For a spherical dispersion of sand grains, the dielectric
behavior of the porous medium can be described by Hanai
model as

(e,—€)° E,O_ 1
€ -t e, 0 A-9° @

In the modeling of a bicontinuous structure such as a
porous medium, the first question is whether a water-
saturated core should be treated as an O/W emulsion or a
water-in-oil (W/O)-type dispersion. The experimental data
of Sert suggest that the answer to this question is to treat the
rock grains as if they were dispersed in water. Therefore the
ternary system of emulsions in porous media can be modeled
by successive iteration of two binary systems. The effective
dielectric constant of the emulsions could be determined
from Hanais model for two-phase dispersions. The rock

grains could then be treated as being dispersed in a fluid of
dielectric constant that is equal to the effective dielectric
constant of the emulsions. The dielectric constant of this
Objective binary mixture could again be computed by Hamaiodel.
Forrock formations with little or no clay content, however,

The overall objective of this project is to develop a the dielectric constant of the rock grains will be comparable
cost-effective method for formulating a successful to that of oil. Therefore an O/W emulsion system in porous
surfactant-enhanced alkaline flood by appropriately choos-media can in effect be modeled as a dual dispersion of sand
ing mixed alkalis that form inexpensive buffers to obtain grains and oil in water. Similarly, a W/O emulsion in porous
the desired pH (between 8.5 and 12.0) for ultimate spon-media can be regarded as a dual dispersion of water and sand
taneous emulsification and ultralow tension. In addition, grainsin oil. This approachimplies that a 50% emulsion of O/
the novel concept of pH gradient design to optimize W in a porous medium with a 20% porosity will be similar to
floodwater conditions will be tested. a 90% O/W-type dispersion. A 50% W/O emulsion, on the
other hand, will be similar to a 10% W/O-type dispersion.
Differences in the dielectric behavior of the two systems
are to be expected. The computed results for the two
emulsion systems with dispersed phase volume fractions
of upto 60% in a Berea sandstone core with a 20% porosity
shown in Figs. 1 to 3 clearly demonstrate the differences.
Figure 4 compares the computed loss tangent values of the
two emulsions with a system containing equivalent pro-
portions of unemulsified constituents. The differences in
emulsified and unemulsified systems indicated that di-
electric properties may be used not only to determine the
emulsion type and composition but also to ascertain whether
emulsification occurs at all.

Summary of Technical Progress

The characterization of emulsions in porous media is
important in enhanced oil recovery (EOR) applications.
This is usually accomplished by the addition of external or
in situ generated surfactants to sweep the oil out of the
reservoir. Emulsification of the trapped oil is one of the
mechanisms of recovery. The ability to detect emulsions
in the porous medium is therefore crucial to the design of
profitable flood systems. The capability of microwave
dielectric techniques to detect emulsions in porous
media is demonstrated by mathematical modeling and by
experiments. _ _ _ Emulsion Coreflood Experiments

During this quarter the dielectric properties of porous
media were predicted adequately by treating the media as Two-inch-square Berea sandstone pieces were pre-
an oil-in-water (O/W)-type dispersion of sand grains in pared by coating them with resin. The ends were covered
water. Dielectric measurements of emulsion flow in po- with Plexiglas pieces with holes drilled to allow for inflow
rous media show that dielectric techniques can be used tand outflow. W/O emulsions of varying concentrations
determine emulsion characteristics in porous media. Thewere first prepared and characterized dielectrically. Water
experimental observations were confirmed by theoretical was pumped into the core ata flow rate of 1 ft/d, and the dielectric
analysis. constant was monitored. After breakthrougpgafe volumes
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Fig. 1 Computed permittivity values at 23.45 GHz for oil-in-water and
water-in-oil emulsions inside Berea sandstone core with a 20% porosity.
g, oil in water. @, water in oil.

LOSS TANGENT

0.4

0.3

0.2

0.1

0.0

0.2 0.4 0.6 0.8 1.0
VOLUME FRACTION WATER, %

Fig. 3 Computed loss tangent values at 23.45 GHz for oil-in-water and

water-in-oil emulsions inside Berea sandstone core with a 20% porosity.

0, oil in water. @, water in oil.
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Fig. 2 Computed loss factor values at 23.45 GHz for oil-in-water and
water-in-oil emulsions inside Berea sandstone core with a 20% porosity.
0, oil in water. @, water in oil.

LOSS TANGENT

0.4

0.3

0.2

0.1

0.0

| o
O o
a e
m}
m}
o
m}
o °
7 n
o
| m} e
0O o
_ e
o
m} °
] o
°
°
°
o
— T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

VOLUME FRACTION WATER, %

Fig. 4 Computed loss tangent values at 23.45 GHz for emulsified and
unemulsified oil and water systems inside Berea sandstone core with a
20% porosity. 0, oil in water. @, water in oil. B, water.



(PV) of the continuous phase was pumped through toeredto prevail, and the dielectric constant of the emulsions
ensure corplete saturation. The lowest concentrations of the in the porous media was recorded. The next higher concen-
emukion were then pumped through the core. The effluenttration of emulsion was pumped through the core, and the
concentrations were monitored by a cavity resonanceprocedure was repeated. For W/O emulsions, the Berea
dielectrometer. A schematic diagram of the experimental sandstone core is first flooded with oil and then 5 PV of
setup is shown in Fig. 5. oil is pumped through. The oil-filled core was left
When the effluent concentrations matched the influent untouchedfor 1 week. About 5 PV of oil was pumped
concentrations, steady-state flow conditions were consid-through before W/O emulsions were introduced.
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Fig. 5 Schematic of emulsion coreflood experiments with emulsion dielectric behavior inside porous media measured by interference dielectrometer
at 23.45 GHz and the effluent concentration monitored by a cavity resonance dielectrometer.
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Results 12

The experimentally measured value of the dielectric loss
tangent is shown in Fig. 6. Differences in the dielectric
properties of the two emulsion systems are clearly observed.
For dispersed phase concentrations of up to 60%, the loss
tangent of O/W emulsions in the core is considerably higher
than that of W/O emulsions for all concentrations without any
overlap. | o

Analogous to the definition of the dielectric modulus of
emulsions outside the porous medium, a dielectric modulus
Ppore for emulsions inside the porous medium is defined as

o
oo
1
[u]

MODULUS, P
o
o
1
o

[ J
follows:
a
p = Loss tangent of emulsions @ 0.4 1 o .
pore | oss tangent of water—saturated core
o
[ J

This allows for the comparison of dielectric data obtained 02 - |

at different frequencies for emulsion dielectric data inside | = °

porous medium. The computeg,Rresults are shown in .

Fig. 7 as a function of volume fraction water. The differ- . ® ®
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0.13 4 A Fig. 7 Computed frequency invariant dielectric modulus By for oil-
0.12 1 A A in-water and water-in-oil emulsions inside Berea sandstone core with a

L 011 A 20% porosity. 0, oil in water. ®, water in oil.
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L
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S o] ences in the dielectric characteristics of the two emulsion types

[/ . .

2 0.06 1 (O/W and W/QO) are clearly defined in the plot.

- ggi 1 Both the experimental and theoretical values clearly
0.03 4 ° establish the feasibility of determining emulsion characteristics
ggi 1 ° by dielectric measurements in the microwave region.
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Fig. 6 Experimentally measured loss tangent values at 23.45 GHz for 1. P. N. Sen, C. Scala, and M. H. Cohen, A Self-Similar Model for
emulsions inside porous media at a 20% rock porosity, water in oil. Sedimentary Rocks with Applications to the Dielectric Constant of Fused
A oil in water. Glass Beadszeophys.46(5): 781-795 (May 1981).
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larger time-step sizes and fewer nonlinear iterations without
sacrificing accuracy or stability compared with the use of
conventional methods.

Recentwork has focused on code developmentand extension
of the high-resolution implicit method to problems involving
more physical-chemical properties. The principal relationships
to describe these properties include the phase behavior, viscos-
ity, interfacial tensions, capillary desaturation, adsorption, and
permeability reduction as functions of polymer, surfactant, and
electrolyte concentrations. The phase-behavior models used in
the UTCHEM simulator have been highly successful in simulat-
ing chemical flooding processes. So that these models could be
applied to the fully implicit simulator, all phase-concentration
and phase-behavior equations were formulated in terms of
primary variables and derivatives of all phase concentrations

were computed with respect to the primary variables. As an
example, results of a surfactant flooding simulation are given to
demonstrate the agreement between the IMPES simulator
(UTCHEM) and the fully implicit simulator and the superior
numerical stability of the fully implicit simulator.

Phase equilibrium conditions can be described in terms of
aternary diagram and a binodal curve (Fig. 1). The apexes of
the ternary diagram correspond to 100% water, oil, and
surfactant concentrations. The boundaries of the various phase
_— . . . _regions are determined in part by the binodal curve, and the

The objecnvg of this research is _to develop COSt.' effect_lve shape of the binodal curve is affected by salinity. An aqueous—
surfactant flooding technology by using surfactant simulation oleic two-phase region exists at very low surfactant concen-

stuQie§ to evaluate and optimize alternqtive design Strate,gieﬁ‘rations [below the critical micelle concentration (CMC)], and
taking into account reservoir characteristics, process chemlstrya single microemulsion-phase region exists at high surfactant
and process design options such as horizontal wells. Task 1isth

devel tofani d ical method for the simul Concentration, above the binodal curve. Below the binodal

¢ eve ct)r?nt]en ,3 anllmpr(?\t/ﬁ nlijr'?fgrlcli:\ .mel (t)' or bpi Simufa- o, rve, two phases (the oleic and microemulsion phases or the
orsothatawider class ol these ditficuit simuiation problems Canfaqueous and microemulsion phases) or all three phases may
be solved accurately and affordably. Task 2 is the application o

this simulator to th timizati ¢ surfactant flooding t exist, depending on the position of the invariant point, which
IS simulator 1o the optimization of surfactant flooding 10 s 5 fraction of the effective salinity. A uniform grid of 80
reduce its risk and cost.

gridblocks was used with an injector at one end and a producer
atthe other. The resident fluid concentrations for oil and water
are 0.4 and 0.6, respectively, which gives an initial salinity of
0.65 meg/mL. For aqueous, oleic, and microemulsion phases,
The goal of Task 1 is to obtain accurate numerical solutionsthe end-point relative permeabilities are 0.14, 0.9, and 0.14,
for muItidimensionaI, muIticomponent, multiphase chemical respective|y’ and the exponents are 2, 2.14, and 2, respec-
flow problems, which are the specific focus of this project. The tively. The residual saturations are 0.15, 0.4, and 0.15, respec-
numerical method used in these simulation studies is a trugjvely. The viscosities for oil and water are 2.5 and 0.42 cP,
vertical depth (TVD) flux-limited, high-order finite-difference  respectively. Lower and upper effective salinity limits are 0.5
scheme with a fully implicit formulation. On the basis of this and 0.8, and the CMC value is 0.0001. The values of the
method, a fully implicit, high-resolution compositional chemi-  maximum heights of the binodal curve at zero, optimal, and
cal flooding simulator is under development. The basic struc-twice optimal salinities are 0.12, 0.03, and 0.05, respectively.
ture, flow equations, and transport property modeling in this Water containing 0.5% surfactant was injected with the same
simulator were reported previoudlfhe results of tracer flow,  salinity as that of the resident fluid. The injection rate was
water flooding, and polymer flooding in one, two, and three 0.02 f#/d, and the total injection time was 0.05 d, which gave
dimensions demonstrate that the simulator gives more-accurate total injection of 0.5 pore volume (PV).
solutions with the use of the high-resolution method than with  The same time-step size of 0.000125 d, corresponding to a
the use of the conventional numerical methods and is moreCourant number (dimensionless time-step size) of 0.1, was
computationally efficient than IMPES simulators, which re- first used for both simulations with the IMPES simulator and
quire very small time-step sizes for certain problems. The overallthe fully implicit simulator. The profiles of microemulsion
increase in accuracy through the use of this new algorithm makephase saturation and total oil concentration are shown in
it possible to reduce the overall computational cost by takingFig. 2. Good agreement between the two results was obtained.

Project Manager:
Jerry Casteel
Bartlesville Project Office

Reporting Period: Oct. 1-Dec. 31, 1994
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Fig. 1 Schematic representation of binodal curve, invariant point, and different phase regions in a ternary diagram.
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Fig. 2 Simulation of a surfactant flooding problem using the IMPES simulator (—) and the fully implicit simulator ¢ - - -) at a small time-step size.
Number of gridblocks, 80; pore volume injected, 0.5; and Courant number, 0.1.

The time-step size was then increased so that the stability ohumber of 0.25, characterized by severe oscillations in both
the two simulators could be compared. Figure 3 gives theprofiles.

results of the fully implicit simulator at a time-step size of  Testing of the implicit simulator is continuing with respect
0.001875 d, which corresponds to a Courant number of 1.5to problems involving more interactions caused by the com-
and shows nearly no change in both profiles. The IMPESbinations of various physical-chemical properties. The code
simulator, however, produced unstable results at a time-steps also being optimized to improve the computation efficiency
size of 0.0003125 d, which corresponds to a Courantand to make it more user friendly.
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Fig. 3 Simulation of a surfactant flooding problem with the use of the fully implicit simulator at a large time-step
size. Number of gridblocks, 80; pore volume injected, 0.5. —3 =0.1.----, A =1.5.
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Objective

The objective of this experimental research is to improve
the effectiveness of carbon dioxide (§@ooding in hetero-
geneous reservoirs. Activities are being conducted in three
related areas: (1) further exploration of the applicability of
selective mobility reduction (SMR) in the use of foam flood-
ing; (2) possible higher economic viability of floods at slightly
reduced CQinjection pressures; and (3) taking advantage of
gravitational forces during low interfacial tension (IFT),LO
flooding in tight, vertically fractured reservoirs.

Summary of Technical Progress

Task 1: SMR Study in C@-Foam

The objective of this task is the development of SMR
in CO,—foam flow, enabling field engineers to increase pro-
duction efficiency in C@ flooding of oil reservoirs. This
effect, which causes the mobility of ¢@oam in high-
permeability cores to be approximately the same as that in
low-permeability cores, is observed with some surfactants.
Before field engineers can consider using SMR, itis necessary
to demonstrate that the effects observed in the laboratory in
individual cores of uniform permeability can be used in



heterogeneous media to reduce the non-uniform flow of simulator]. In the original MASTER code, only the vertical
displacing CQ-foam. well parallel to the z-axis was considered. Therefore, the first
New types of experiments need to be performed in whichtask was to modify the code to allow for flexible well orien-
both high- and low-permeability regions are present. These twatation so that wells can also be parallel to the x- or y-axis. The
sections of a flow system, or core, must also be in capillarysecond major modification involved incorporating the well
contact to simulate different portions of a heterogeneous resermodel of Babu et dlinto the simulator. The coding of these
voir. The ratio of mobilities between the two sections during the modifications is near completion.
flow of simple fluids and C&@-foam through these cores will be Two papers related to phase behavior simulation are near-
measured. The experimental need can be met by two types ahg completion for presentation at the 1995 AIChE Spring
tests in which well-defined high- and low-permeability regions National Meeting. One paper outlines an application of an
are arranged differently in the flow system. optimization technigue for phase equilibrium computatfons.
One type of experiment satisfying the above criterion in- The other paper provides a method for the calculation of the
volves cores in which high and low permeabilities are in parallel. specific gravity associated with the characterization of the
The core is cut from a rock containing two regions so that theheavier components of crude il.
plane separating the two will include the diameter of the core. A paper that compares the results of phase equilibrium
End-to-end flow through the two sections of the core can then bechanges during the injection of pure and impure, Gfib
made to measure the two mobilities. The search for such paralleleservoir crude at pressures both below and above the mini-
heterogeneity cores has not yet produced any candidate coraaum miscibility pressure (MMP) was completed and will be
from reservoirs, although two samples of quarried rock that meepresented at the 1995 SPE International Symposium on Qilfield
this standard have been obtained. One of these is a core cut fro@hemistry* An abstract of a paper on the effect of pressure on
alarge San Andres outcrop sample (contributed by Texaco), bu€0, oilflood recovery has been submitted for the 1995 Soci-
it exhibits such a large permeability ratio that the experimentety of Petroleum Engineers Annual Meeting. The paper de-
would take unduly long. A second choice would come from a scribes CQ@ corefloods done at Conoco compared with
block of Berea rock with greater than usual permeability hetero-corefloods reported in the literature. The different tests have
geneities. A core can be cut from this block with a permeability produced conflicting results on whether production during
ratio of four or five, which will be more suitable for the proposed tests at pressures near miscible conditions would result in
tests. significantly lower recovery compared to pressures well into
Another experiment of this type is being performed with the the miscible region. Early indications are that the crude
two sections coaxial. A 1.5-in.-diameter Berea core has ansamples and testing procedures significantly affect the results.
axially located, 0.5-in. hole filled with fine unconsolidated sand.
The pressure drop along the two sections is the same since theyask 3: Low-IFT Processes and Gas
are in parallel, and again the mobilities can be measured bynjection in Fractured Reservoirs
observing the flows from the two regions separately. To properly
perform this experiment, two back-pressure regulators are used, Research is continuing in two primary areas: understand-
one each for the output fluids from each section of the coreing the fundamentals of low-IFT behavior via theory and
system. A schematic of the overall flow arrangement for this experiment and modeling low-IFT gravity drainage for appli-
type of parallel experiment used for the coaxial flow described cation of gas injection in fractured reservoirs. A literature
above is shown in Fig. 1. survey of all the reservoir fluid IFT measurements available
A second type of experiment involves a core with the has been completed. The survey indicated, with strong evi-
different permeability sections in series, so the flow rate will be dence, that the scaling exponent used in parachor calculations
the same through both sections. In this case, mobility measureshould not be used as an adjustable parameter. Thus, on the
ments can be made by measuring the two pressure drops acropasis of fundamental critical scaling and past measurements
each section. This experiment is similar to the series arrangeof density difference and IFT for pure components, parachors
ment of having two separate cores in their own coreholders. Inof all pure components have been recalculated (if sufficient
the new arrangement the two sections will be in the samedata were available). Since the parachor is generally a linear
coreholder—either sections of the same rock or separate cores-function of molecular weight, the equivalent parachor was
tightly butted together with a filter membrane for good capillary calculated for the equivalent fractions that are present in crude
contact between them. Such an experiment is in progress.  oil. This method was then compared with other versions of the
parachor method found in the literature. It was found that the
Task 2: Reduction of the Amount of new method better predicts existing gas—crude oil low-IFT
CO, Required in CQ Flooding systems. Gas—oil IFT calculations are now understood quite
well, although the pendant drop apparatus needs to be used to
verify calculation methodology. At that point, crude oil-brine
During this quarter, the focus has been on the implementa-and gas—brine IFTs at reservoir conditions will begin to be
tion of a horizontal well model into MASTER [the researched. This work will lead to a better understanding of
Department of Enerdg (DOE) pseudo-miscible reservoir the three IFTs that are significant in three-phase flow.

Simulation and Modeling
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Fig. 1 Schematic diagram of the experimental apparatus.
Status of Pendant Drop Apparatus Low-IFT Gravity Drainage

The construction of the pendant drop system is complete.  The system to measure free-fall gravity drainage in long
Fluids are circulated through the density meter and form drops reservoir whole cores at reservoir conditions has been com-
in a variety of needle bore sizes. There is confidence that pleted. The first test was conducted in Berea sandstone with
ultralow IFT systems will be measurable because the smallesta permeability of 500 mD. The core was saturated with
needle bore available has been obtained. Completion of thereservoir brine, flushed with West Texas crude to connate
video imaging facilities involves testing digital cameras, brine, and allowed to age for two weeks. The core was
frame grabbers, and imaging software in order to maximize transferred from the Hassler cell (with overburden) into a
drop resolution and improve IFT measurements. free-fall gravity drainage cell, which was mounted vertically.
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CO,was circulated through the cell at near the MMP of the oil.
Recovery of oil by gravity drainage was measured as a| FIELD VERIFICATION OF CO, FOAM
function of time, as shown in Fig. 2.

The process has also been investigated from a theoreticg
viewpoint. An analytical model for gravity drainage that
better describes existing data has been developed. The datadre
scarce though, and much more experimental work is neces|
sary to understand the complicated exchange mechanism that
occurs in nonequilibrium gravity drainage, such as swelling, |  contract Date: Sept. 29, 1989
vaporization, low-IFT development, and varying capillary |  anticipated Completion: Mar. 28, 1995
pressure as the IFTs are reduced.
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E y. The objectives of this cooperative industry—university—
20 & government project are to transfer promising laboratory re-
: _‘F" search to a field demonstration test, provide research support
. att to design and implement the test, and evaluate the use of foam
- LA o . . . . .
0 Ffhee MM o e el for mobility control and fluid diversion in a field carbon
10? 10" 1 10 dioxide (CQ) flood.
TIME, days The CQ—foam field verification pilot test was conducted
Fig. 2 CO, gravity drainage in Berea with Spraberry stock tank oil. atthe Ea_‘St Vacuum Grayburg—Sgn Andres _Umt (EVGSAU)7
Initial water saturation, 0.383. located in Lea Co., N. Mex. This 4-yr project was jointly
funded by the EVGSAU Working Interest Owners (WI0), the
References U.S. Department of Energy (DOE), and the State of New
Mexico. The Petroleum Recovery Research Center (PRRC),
1. D.K.Babu,R.C.McCann, A.S. Odeh,and A. J. Al-Khalifa, The Relation a division of the New Mexico Institute of Mining and Tech-
Between Wellblock and Wellbore Pressures in Numerical Simulation of nology provided Iaboratory and research support. Phillips
) ﬂo”zoma' Wells SPE Reserv. En(3): 324-328 (August1991).  peyrgleum Company (PPCo), operator of EVGSAU, acted as
. Paper prepared for presentation at the AIChE Spring National Meeting, . . :
Houston, Tex., March 1923, 1995. project coordinator. On the basis of favorable response from
3. Paper prepared for presentation at the AIChE Spring National Meeting, the foam field trial, the DOE granted a 1-yr, no-cost extension
Houston, Tex., March 19-23, 1995. of the project to permit the evaluation of a second foam test.
4. Dynamic Phase Composition, Density, and Viscosity Measurements
During CGO, Displacement of Reservoir Ofdaper SPE 28974 prepared .
for presentation at the Society of Petroleum Engineers International Summary of Technical PI‘OgreSS
Symposium on Oilfield Chemistry, San Antonio, Tex., Feb. 14-17, 1995.
5. D. Gregory and R. Grigdglhe Effect of Pressure on ¢@ilflood

R , ; . Details of response from the foam field tests have been
ecoverypaper submitted for presentation at the Society of Petroleum . . . .

Engineers Annual Technical Conference, Dallas, Tex., Oct. 22-25, 1995.re[30rt(':'d in prior progress reports. During this quarter, PPCo
converted the offending producing well in the foam pilot area to
aninjection well. In addition, two new wells were drilled near the
pattern boundary. These changes make any further monitoring
of the foam pilot area unnecessary. The remaining surfactant
will be injected in another pattern (Well No. 3202-013), where
a high permeability streak has been identified. Surfactant will be
injected at 1000 ppm for several days, and injectivity results
from this test will be included in the final report.
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approximate fine-grid pressure and saturation distributions
for two-phase flow examples for a range of mobility ratios.
Further testing of the method is under way.

The development of a generalized model for calculating
productivity and injectivity indices for a horizontal well in
anisotropic reservoirs began. The goal is to calculate produc-
tivity of complex well configurations, such as multiple hori-
zontal wells of arbitrary direction emanating from one verti-
cal well.

A study of the completion designs and their impact on
production performance of a horizontal well commenced.
This study uses a network modeling approach for represent-
ing the well completion arrangement that is in communica-
tion with the flow in the reservoir. The coupling between the
well and the reservoir is facilitated through modular comple-
tion software (HOSIM), developed by Norsk-Hydro, and a
commercial reservoir simulator (ECLIPSE).

The development of a 3-D Voronoi grid simulator is also
progressing. A major facet of this work is the generation and
visualization of gridding geometry in 3-D. This aspect of the
work is complete and is being tested.

Detailed Well Model for Reservoir

Simulation

L The objective of this task is to develop a 3-D reservoir
Objectives simulator on the basis of generalized Voronoi grids that
honor horizontal/deviated wells, local flow geometry, faults,
The objectives of the project include (1) modeling hori- major heterogeneities, anisotropy, etc. Difficult geometrical/
zontal wells to establish detailed three-dimensional (3-D) logical problems associated with automatic generation and
methods of calculation that will successfully predict horizon- visualization of the gridding geometry in 3-D form a signifi-
tal well performance under a range of reservoir and flow cant aspect of this task. The mathematical formulation for the
conditions; (2) reservoir characterization studies to investi- flow simulation should take into account such a complex
gate reservoir heterogeneity descriptions of interest to appli-gridding scheme. Pressure and flow calculations in awellbore
cations of horizontal wells; (3) experimental planning and (obtained from a wellbore simulator) will be coupled with
interpretation to critically review technical literature on two- similar reservoir variables.
phase flow in pipes and the correlation of results in terms of
relevance to horizontal wells; (4) defining methods for Mathematical Model for Voronoi Grids

determining 3-D coarse grid approximations (e.g., pseudo-  gquation 1 represents the application of the conservation
functions) for horizontal wells with calculations developed; |5 to an arbitrary componeiatin a control volume V with
(5) developing multi-well models interactively coupled t0 5, axternal area A

large-scale reservoir simulation; (6) test models with field

examples; (7) enhanced oil recovery (EOR) extensions of Ne ) Ne
models to handle compositional effects for miscible displace- —fA Z WepVp CRAA = EJ’V Z WepSppdV (D)
ment, thermal effects for steam processes, and combination p=1 p=l fer-
processes; and (8) application studies for horizontal wells. opce approximation of the preceding equation, which results
in EqQ. 2.
Summary of Technical Progress
The development of models for scaleup and coarse-grid N, N, V.
pseudo-functions for horizontal wells in heterogeneous reser- (Togph p)ij (P —Ppi) =—ol
voirs continued. The new scaleup method requires positive =1 =1 At
dissipation for intercell fluxes, which produces a reshaped
coarse-grid system with non-negative transmissibilities. The N, Np
application of the new method successfully reproduced fine- x Z [(WgpSp@) " — (W, S O] + (Wedp)t (D)
grid pressure distributions for single-phase problems and p=1 p=1
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Generation of Voronoi Grids

where N, = number of neighborsof block i oo .
N; = number of phasesin the system PalagP presented a Voronoi grid generation scheme on

T = transmissibility a plane. The scheme used to generate the grid in 3-D is
w,, = mass fraction of component © in phase p prgsented in.this section. Thg C+4.- code that implements
this scheme is complete and is being tested.

ForasetS={pp, ..., p} of npointsin Euclidean 3-
space, R the associated Voronoi diagram is a sequence

A, = mobility of phase p
®,,; = potential in phase p at node j
Vp,i = volume of block i

S, = saturation of phase p V(p1), V(po), - - -, V(p) of convex polyhedra covering 3-
(’B: porosity at node i space, where V{pconsists of all points of 3-space having
dp =source/ sink term for nodei p; as the nearest point in the set Bhus

For i_so.tr(.)pic permeability aqd an orthogonal grid, a unique V(p;) ={x OR®: d(x,p;) < d(x, p).i=12..n (3
transmissibility term can be defined for each surface (of control
volume V), which, when multiplied witf®; — ®;), gives the
flux across surface ij. If permeability is an anisotropic tensor and/
or grids are nonorthogonal, then the potential difference

&, — d,) also affects flow between some of the other surfaces. T .
IE‘ tﬁe ter;lor is symmetric, however, then control volume sur- of points is co.nstru_cted with QHULL. The set of tetrahe-
faces can be oriented in such a manner that a unique transmisscﬂ-ra thus obtained is used to generate .sets of tetr_a faces,
bility can again be found, so potential difference between noded€t@ edges, and tetra nodes. These objects contain all the

across surface ijagain determines flow only across that stirface cONnectivity information (e.g., atetra edge object contains

Upstream weighting of mobilities can be easily used in such ath® number of tetras it is connected to, the ID’s of those
ras, the number of tetra faces it is connected to, their

scheme. The region is assumed to be homogeneous across tHaet, ,
surface when such a derivation is made. For small anisotropy! 'S @nd the ID's of the two nodes at the end of the tetra
this scheme may work quite well. When significant heterogene-€99€)- _ _ _ _

ities are considered, however, the effective permeability tensor ON€ Voronoi block is associated with each node. The faces
will have principal axes that vary locally and conflict with the ofthe block lie on_the PEB! planes of each of the edges connect_ed
axes of a gridding scheme. The effective permeability tensor isto the node. The intersections of the PEBI plane of an edge, with
also not necessarily symmetric. Other schemes [control voluméh€ PEBI planes of the other edges connected to the node,
finite element (CVFE)] that maintain the flexibility of grids have  completely describe the geometry of the face on that edge. In the
been proposed, but they have been unable to correctly us#terior of the domain, these intersections are the circumcenters
upstream weighting of phase mobilitfes. of the tetrahedron connected to the edge; however, when any of

Voronoi grids are used in anew approachin the current studythese circumcenters as well as the centers of the tetra faces
Properties inside the grid are assumed to be homogeneous bassociated with the edge lie outside the reservoir domain, then
may be anisotropic. The flows at the surfaces are constrained s formed Voronoi block faces must be adjusted. This is
that velocity normal to the surface (i.e., in the direction of the accomplished by finding the intersection of the PEBI planes
connections) is the same on both sides. Also, in this case (as iWith the boundary tetra faces and the boundary tetra edges.
the case of CVFE) flow at each connection is not solely depen-igure 1 shows the generation of Voronoi blocks in 3-D. The
dent on fluid potentials at adjacent points. Because of this, mordigure shows the triangulation, Voronoi grid edges, and faces
time [as compared to a generalized perpendicular bisectofrom three viewpoints.

(PEBI) grid] is needed to assemble the Jacobian matrix, even Figures 2 and 3 show in 2-D the alignment of Voronoi blocks
though the structure of the Jacobian matrix is identical. Becaus@long major reservoir features such as layers,
most of the time (normally 80 to 90%) in any simulation is taken faults, and horizontal/deviated wells. The actual grid in
by the iterative solver, the computer time of the current scheme3-D can have polygonal shapes around the well axis that
will not increase significantly. Upstream evaluation of the approximate cylindrical flows (e.g., hexagons). Such grids are
mobility at any surface is based on a function that is a linearshown around the deviated well. Figure 3 shows how
combination of the potentials affecting flow across that surface.the gridding can be efficiently done for dual-lateral wells drilled
This scheme can be used for asymmetric permeability tensors ato drain from two different layers. The Delaunay triangulation of
well, and it has no restriction on the angles of the tetrahedrorthe nodes in Fig. 2 is given in Fig. 4. The nodes were placed in
generated by a triangulation code other than the requirement that direction normal to the layer and fault boundaries on both sides
the triangulation be Delaunay. Further featirage beenadded  and equidistant from the boundaries to generate the Voronoi
to the code package QHUEBE to generate both two-dimen-  polygons in Figs. 2 and 3. Thus block boundaries were aligned
sional (2-D) and 3-D Delaunay triangulations in away that meetsalong layer boundaries, which resulted in better estimates of
many of the primary reservoir simulation requirements. homog@eous properties inside a block.

where d(x,p denotes the Euclidean distance between points
x and p.
As a starting point, the Delaunay triangulation of a set
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Fig. 1 Triangulation, Voronoi grid edges, and faces in three dimensions (3-D) from three viewpoints.

Algebraic Approximation Scheme thp - )‘bcp [-|-213 (@, - By) + -|-113 (@, —d3)]  (4)
A second algebraic schefrthat uses tetrahedra in 3-D or

triangles in 2-D as control volumes is described in the follow- Whereas flux across bc ify; is

ing text. Figure 5 shows two such triangles for the 2-D case

with a common interface bc. In this face-centered scheme, Qﬁcp =N, [T2 (B3 —D,) + TE (D3 — D) (5)

flux continuity is honored across each fadeinside anyA

is a linear interpolant of face pressures. The flux across bcThe transmissibility term;lin Egs. 4 and 5 is a function of the

from A, is given by node locations, the permeability tensor, and corners of the
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Fig. 2 Voronoi grids for layered reservoir with fault and horizontal
well. (a) Schematic of a layered reservoir with fault and well profile.
(b) Voronoi grids along deviated well, layer boundaries, and fault.

|
it}

Fig. 3 Voronoi grids for layered reservoir with fault and a dual lateral
horizontal well. (a) Schematic of a layered reservoir with fault and well
profile. (b) Voronoi grids along dual lateral well, layer boundaries, and
fault.
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Fig. 5 Description of algebraic approximation formulation.

triangles. Itdoes not vary with time. Flux continuity across the
boundary bc leads to

NP NP
> Qi+ Qk, =0 C)
p=1 p=1

which gives 5-point algebraic approximation involving
®,, ..., Ps. A material balance equation for easihis given

by
+1 0O
N i e Y B
g ' M{ps, 0 08 0f

where @, S, and B, are taken at barycenter.

Figure 6 shows an example of such a grid. There are 8
triangles and 16 faces. The unknowns in the system are 16
pressures and 8 saturations (two-phase problem). There are 16
flux continuity equations and 8 material balance equations.
The flux continuity equations are 5 pointin 2-D and 7 pointin
3-D. The material balance equations are 9 pointin 2-D and 16



@ @ 3-D. The Cartesian scheme is conceptually much simpler, but
it has poor ability to accurately deal with spatially complex
reservoir properties and varying well trajectories. The nu-
[ o merical stability of this scheme is still to be tested. Both
schemes described are being programmed and will be tested
for ability to represent complex geometries, proper represen-
o ) tation and simulation of horizontal wells, numerical errors,
and central processing unit (CPU) time.
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Objective

provide images of subsurface electrical conductivity changes
associated with EOR operations. The goal is to apply surface
and borehole EM methods for oil field characterization and
monitoring of in situ changes in electrical conductivity during
EOR operations.

Summary of Technical Progress

During this quarter an additional set of crosshole EM data
was collected at Lost Hills No. 3 and inverted to a two-
dimensional (2-D) resistivity model. These data are the third
in a series of measurements after the start of steamflooding
operations in November 1993. The EM data indicate that
significantresistivity decreases continue to occurin the middle
and lower Tulare formations at depths greater than 90 m
because of the steamflooding. The upper Tulare sands, which
are the prime target for the flood, have not changed in
resistivity after 10 months of steaming. Temperature logging
in one of the EM monitoring holes indicated high tempera-
tures at a depth of 95 m. This is the same depth as the
resistivity changes indicated by the EM data.

Development of an inversion code for surface-to-borehole

The objective of this projectis to develop practical tools for EM data is progressing. One code that uses a scheme similar

geophysical characterization of oil strata and monitoring of to the presently used crosshole inversion is under develop-
enhanced oil recovery (EOR) processes in a developed fieldment and will be used initially to invert borehole-to-surface
Crosshole and surface-to-borehole electromagnetic (EM)EM data collected at the University of California (UC) Rich-
methods are being applied to map oil field structure and tomond Field Station.
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Steamflood Monitoring at Lost Hills No. 3

Mobil Exploration and Production Inc. has operated sev-
eral EOR projects in central California. Crosshole EM tech-
nology is being applied as a pilot test at the Lost Hills No. 3
field. Two fiberglass-cased observation wells (35E and 35W)
were drilled along a northeast-southwest profile straddling a
steam injector for the combined purposes of crosshole EM
surveys and repeated temperature and induction logging.
Steam is being injected at depths of 65, 90, and 120 m into
upper, middle, and lower members of the Tulare formation,
which contains heavy oil. The steam injection is expected to
follow the natural northwest-southeast regional strike. The
steam plume is expected to develop as an ellipse with the
major axis aligned with the natural fractures.

A cross section derived from borehole induction resistivity
logs shows that the higher resistivity intervals (10—-Q00n)
typically represent the oil sands; the lower resistivity units
(2-10 Q -m) are confining silts and shales. The target Tulare
oil sands extend from depths of 60 to 120 m in three separate
intervals. The upper sand is the thickest and most continuous
of the three. It begins at a depth of 60 m, has a thickness of up
to 20 m, and dips gently eastward at about 6 degrees. The
middle and lower members are thinner and less continuous.
The middle member is 3 to 6 m thick and lies at a depth of
approximately 90 m. This unit seems to pinch-out near 35W
and water-out somewhere between 35E and borehole 4034.
The lower unit, which lies at about 110 m, is continuous
throughout this portion of the field and dips eastward at about
8 degrees. The water table lies at a depth of 160 m, or just
below the base of the cross section.

EM Field Surveys

Crosshole EM data were collected in November 1993,
April 1994, and September 1994. The tools were deployed at
depths between 30 to 130 m. Receivers were spaced 4 or 8 m
apart in borehole 35E, and EM data were collected continu-
ously as the transmitter moved between 130 and 30 m in
borehole 35W. EM data were collected at two frequencies,
5 kHz and 20 kHz, although processing is complete only for
the 5-kHz results. The error on the crosshole measurements is
approximately 2%; this figure is used in estimating data
uncertainty during interpretation.

Crosshole EM data were interpreted with the use of a 2-D
inversion code developed by the CRADA partner at
Schlumberger—Doll ResearéhA smoothed version of the
induction resistivity logs is used in boreholes 35W and 35E as
a starting guess for the inversion.

Data Interpretation

The subsurface resistivity distribution between boreholes
35E and 35W before steam injection is shown in Fig. 1a. The,
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. . . . _7 .. Fig.1 Cross-well resistivity images before and during steamflooding
darker sections in the images represent higher resistivityoperations at Lost Hills No. 3. (a) November 1993. (b) April 1994. (c)

zones associated with heavy oil sands; the lighter areas argeptember 1994.
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lower resistivity silts and confining shale beds of 1 @ 8n,
with an average value of -m. The image in Fig. la
indicates that the upper oil sand is a thick unit dipping gently
eastward. The middle and lower sands are thinner and more
discontinuous between the wells. The images shownin Figs. 1b
and 1c are visibly different only at depths below 70 m. In this
portion of the figure, the resistivity has decreased signifi- ¢
cantly because of the steam injection. In all other parts of thex
image, the before and after data agree to within a few percentd
Figure 2 shows two different images made by subtracting e
the baseline image in Fig. 1a from the images in Figs. 1b and
1c. The figure shows that the resistivity has decreased by up
to 70% in the region surrounding the injection hole at depths
below 80 m. This indicates that a substantial steam chest has
formed in the middle and lower sands, and almost none of the
steam has gone into the upper oil sand. Because there is
considerable steam injection in the upper perforated zone, this
implies that there is some connection between the upper and LOCATION, m
lower oil sands. There may be a connection from the upper to
the lower units via natural or man-made fractures. The steam
also seems to preferentially flow to the westward inthe middle 100 10.0
Tulare but eastward in the lower Tulare. The westward move- DIFFERENCE RESISTIVITY. %
ment in the middle oil sand is expected because the producing @
well to the east of 35E was not completed in the middle oil
sand because of high water saturation. The preferential east-
ward migration in the lower sand is probably attributable to
the better eastward stratigraphic continuity in the lower sand,

0.0 10.0 20.0 30.0 40.0 50.0

as evidenced by the borehole induction logs and the crosshole 20.0 o S°F
EM results.

Recent temperature logs in boreholes 35W and 35E show
significant increases in temperature in the middle (35W) and 40.0

lower (35E) oil sands but no change in the upper oil sands
(Fig. 3). The temperature in the hot zones has been progres-

sively increasing since steam injection began. The resistivity g 60.0
decrease corresponding to the temperature increase is ext
pected from field and theoretical results. E 80.0

From these monitoring results it is clear that the upper
Tulare is either losing steam to the middle and lower members,
or the steam is propagating out of the section. Itis known that the 100.0
upper unit has a higher oil saturation and historically has more
difficulty accepting steam. Whether this unit develops a substan-

tial steam chest over time is not known, but continuing field 120.0
efforts will be made to track the steam injected into this upper 0.0 10.0 20.0 300 400 50.0
sand. LOCATION, m

Development of Inversion Codes for
Surface-to-Borehole Data

Surface-to-borehole data sets involve deployment of instru-  —40.0 -20.0 0.0
ments (either sources or receivers) on the surface to image
resistivity distribution at depth. An obvious problem with inter-
pretation of these data is that the surface layer strongly affects the
measurements but is not the target of the imaging. A related
_prObIem 'SthatamUCh larger volume Qf earth mu_St bEdISCI'et'ze?'—ig. 2 Percent difference resistivity images during the steamflooding
in order to interpret the results. This results in much largergperations. (a) November 1993 to April 1994. (b) November 1993 to
numerical meshes and slower and ncombersome software.  October 1994.

DIFFERENCE RESISTIVITY, %
(b)
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The logistical advantages to stock tank barrel (STB) data
and recent success at data collection at the Lost Hills field are
strong incentives for developing practical inversion algo-

Bartlesville Project Office

Reporting Period: Oct. 1-Dec. 31, 1994

rithms. This task is being approached along several parallel
fronts. Initially, a cylindrically symmetric crosshole code will
be modified for the surface-to-borehole configuration. This
code was initially used in waterflood imaging at UC Rich-
mond Field Statiohand should be suitable for STB imaging.
A second code under development is a three-dimensional The ultimate objective of this 3-yr research project is to

algorithm that uses principles outlined in Torres-Verdin and evaluate the performance of the hydrocarbon miscible solvent
Habashyt slug process and to assess the feasibility of this process for

improving recovery of heavy oil from Schrader Bluff reser-
voir. This will be accomplished through measurement of
pressure—volume—-temperature (PVT) and fluid properties of
Schrader Bluff oil, determination of phase behavior of Schrader

An article describing the Lawrence Livermore National Bjuff oil solvent mixtures, asphaltene precipitation tests,
Laboratory/Lawrence Berkeley Laboratory (LLNL/LBL) slim-tube displacement tests, coreflood experiments, and res-
crosshole EM system and applications was submitted foreryoir simulation studies. The expected results from this
publication to the Society of Exploration Geophysicists dur- project include determination of optimum hydrocarbon sol-
ing this quartef. vent composition suitable for hydrocarbon miscible solvent
slug displacement process, optimum slug sizes of solvent
needed, solvent recovery factor, solvent requirements, extent
and timing of solvent recycle, displacement and sweep effi-
ciency to be achieved, and oil recovery.

Objectives

Technology Transfer
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Summary of Technical Progress

Slim-tube displacement experiments and simulation re-
sults were verified and compiled and are summarized in this
report. Table 1 provides the summary comparison of recover-
ies from slim-tube simulation and experiments.

The findings of this study are as follows:

» The pure lean gas from Kuparuk—Schrader Bluff forma-
tion is immiscible at reservoir pressure of 1300 psia and
temperature of 82F, yielding very low recovery in the slim-
tube experiment. Thus, if this gas is to be used in field
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TABLE 1

Recoveriesfrom Slim-Tube Simulation and Experiments

Slim-tube experiments

% Relative deviation

Solvent Slim-tube simulation

100% KUPSCH gas 41.85
100% PBG 48.46
70% PBG/30% NGL 85.56
50% PBG/50% NGL 94.55
50% PBG/50% NGL 100.0

100% CO, 76.45
90% CO, /10% NGL 95.25
85% CO, /15% NGL 100.0

37.92 9.39
45.01 7.12
83.63 2.6

92.57 2.09
99.0 1.0

71.63 6.31
88.49 7.09
98.01 1.99

Note: KUPSCH, Kuparuk—Schrader Bluff lean gas mixture (90:10). PBG, Prudhoe Bay Gas.

NGL, Natural Gas Liquid.

applications, it will be an immiscible water-alternating-gas
(WAG)-type process.

* Pure carbon dioxide (Cfpand Prudhoe Bay Gas (PBG)
are also immiscible with Schrader Bluff crude at reservoir
conditions. Very high recovery is obtained during pure, CO
slim-tube experimental runs. This indicates that use of CO
may be promising in the field application.

» The enrichment of COby natural gas liquid (NGL) at
15 mol % NGL resulted in dynamic miscibility at reservoir
conditions. This run resulted in 98% oil recovery after injec-
tion of 1.2 pore volume (PV). The compositional slim-tube

confirmed generation of miscibility. The miscibility was
developed primarily by vaporizing gas drive mechanism.

» PBG achieved miscibility after enrichment at 50 mol %
of NGL. This slim-tube experimental run resulted in 99%
recovery after injection of 1.2 PV of solvent. This composi-
tional simulation predicted 100% recovery after injection of
1.2 PV of solvent, but the multicontact test (MCT) runs
conducted on the two-phase EOS simulator did not predict
miscibility development for this mixture.

* The lumping of pseudocomponents and determination of
EOS parameters appeared to be critical in matching labora-

simulation and the equation of state (EOS) predictions alsotory slim-tube data.
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Objectives

The objectives of this research are to continue previous
work and to carry out new fundamental studies in the
following areas of interest to thermal recovery: displace-
ment and flow properties of fluids involving phase change
(condensation—evaporation) in porous media; flow
properties of mobility control fluids (such as foam); and
the effect of reservoir heterogeneity on thermal recovery.
The specific projects address the need to improve heavy
oil recovery from typical reservoirs as well as less conven-
tional fractured reservoirs producing from vertical or
horizontal wells.

Thermal methods, and particularly steam injection,
are currently recognized as the most promising for the
efficientrecovery of heavy oil. Despite significant progress,
however, important technical issues remain unresolved.
Specifically, knowledge of the complex interaction be-
tween porous media and the various fluids of thermal
recovery (steam, water, heavy oil, gases, and chemicals) is
stillinadequate. Also, the interplay of heat transfer andfluid
flow with pore- and macro-scale heterogeneity is largely
unexplored.



Summary of Technical Progress example, the capillary pressure curve) are not deterministic
but are stochastic. The capillary pressure threshold, the capil-
Vapor—Liquid Flow lary pressure curve, and the relative permeabilities depend on
the orientation of the pattern or the invasion direction. The
During this period work continued on the modeling of ayerage curves have features that depend smoothly on the
vapor—liquid flows in porous media. Work focused on com- gegree of correlation, howevér.
pleting the steam displacement pore network simulator and on  \ork also is continuing on the development of rigorous
issues of vapor adsorption—desorption in porous media. Th&,jscous fingering models based on the concept of transverse
steam displacement simulator is complete and is runningfiow equilibrium (TFE). This approach was extended to
efficiently. Effects of injection rate, vapor density, latentheat, miscible displacements in narrow capillaries or Hele—Shaw
and thermal conductivity on the displacement pattems arece|is, where the finger width as a function of the mobility ratio
being investigated. The objective is to quantify similarities \y45 determined. A technical paper on this topic is complete.
and differences in the displacement patterns between isotherrhe results are useful in setting limits on the validity of the
mal displacements in the absence of phase change and digpproaches currently used for miscible displacements in Hele—
placements where heat transfer controls phase change anghaw cells and porous media at high rates.
phase behavior. The simulation results will be compared with
steam injection experiments in glass micromodels. Work is Chemical Additives
also under way on the extension to a three-phase system
involving oil, water vapor, and water liquid under conditions ~ Work continued on the behavior of non-Newtonian fluid
that simulate steam displacement of oil. flow and on foam displacements in porous media. A study was
In a different study, vapor adsorption—desorption in tight completed for the understanding of the onset of mobilization
porous media has been considered, and a pore network modeind flow of foams and of Bingham plastics by devising a new
has been developed to describe adsorption—desorption proinvasion process containing long-time menfonased on
cesses. The model includes the possibility of supercritical which the minimum threshold path in a porous medium can
fluid in tight pores with the use of recent advances from be identified. This path was shown to be a self-affine curve
density functional theories, and experimental results from of constant tortuosity, from which appropriate estimates
adsorption—desorption experiments were reproduced succes®n the value of the minimum pressure gradient for flow—
fully.? In parallel a macroscopic approach is being used tomobilization can be developed. The algorithm was also used
analyze the stability of phase-change fronts in porous mediato study the displacement at low rates of Bingham plastics, the
application being on heavy oil recovery as well as on sand
Heterogeneity production (wormholes).During this quarter a technical
) ) _ paper was completed on the solution of certain mathematical
With the use of optimal control methods, work continued mggels involving flow and reaction in porous media which

on the thlmlzatlon of recovery processes in h(.ajteroggnv.eou%,as motivated by a problem of foam propagafion.
reservoirs. A model problem involving unit mobility ratio in

the absence of capillary effects in a heterogeneous reservoir

with multiple injection and one production well was used to References
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Objective

mechanism for documenting the integrated approach. The
goal is to provide tools and approaches that can be used to
detect reservoir compartments, reach a better reserve esti-
mate, and improve profits early in the life of a field.

Summary of Technical Progress

Reservoir Selection and Data Gathering

During this quarter selected well logs were added to the
database. An application was developed to retrieve produc-
tion history, decline curve analysis information and well
completion data, and plot the data and information on a single
page for each lease.

Outcrop/Core/Log Analysis and Correlations

A relationship between minipermeameter measurements for
permeability and log-derived parameters has been investigated.
For the Vern Marshall core—log data, a preliminary relationship
between minipermeameter permeability and bulk volume water
has been demonstrated. This relationship may be useful in
reservoir simulation where core data are not available.

The results of petrography and diagenesis work on the Sussex
sandstone indicate that

The objective of this research project is to document the
integrated team approach for solving reservoir engineering e« Stylolites were commonly found in the study area and may
problems. A field study integrating the disciplines of geol- be significant vertical permeability baffles that resulttioréu-
ogy, geophysics, and petroleum engineering will be the ous reservoir fluid path.

41



* Most of the porosity in these sandstones appears to bé?ermeability Experimental Work
microporosity.

« The origin of the sandstones may be an offshore environ-  On the basis of permeability experimental work, the fol-
ment. lowing conclusions were reached:

* The high carbonate-content cement may indicate the .« A correlation of experimental porosity and permeability
presence of common primary carbonate (sand) grains. Avalues with confining stress was developed.
sequence of carbonate-rich and carbonate-poor (silica- « No general equation was found to transform the relative
cemented) sandstones may be a predictive tool in the framepermeabilities obtained from measurements under lab condi-
work of sequence stratigraphy. This assumes that the carbontions to the relative permeabilities under reservoir conditions.
ate grains were only available in a certain environment. This  « The effects on the relative permeabilities of increasing
hypothesis may explain the common occurrence in the Cretathe net confining stress from 200 to 3500 psig and the tem-
ceous sandstones in this area of interbedded carbonateperature from 70 to 14T are
cemented and silica-cemented sandstones. Porosity develop-

ment is better in the carbonate-cemented sandstones. 1. Relative permeability curves shift slightly to the right

while maintaining their shape characteristics.
2.Increased confining stress and temperature have a
minor or no effect on endpoints.

All work was completed at a three-dimensional (3-D) 3.The.shift affects the relative p_erme_ability to thg oil for
seismic workstation to ensure that all relevant information the first drainage by progressively increasing its value
was integrated into the 3-D interpretation. The 3-D com- until a maximum deviation in the upper curvature is
pressional wave seismic interpretation is complete. One reached. Then the deviation decreases as the curves
main fault complex trending southwest—northeast has been merge and approach the endpoint. The maximum shift
interpreted. Displacement in the Sussex level was ob- tq the rlgh.t Is 10%, Wh'Ch can m."’?ke a S|gn!f|cant
served. A subtle change in the Sussex reflection trends difference in _the relative permeability values in the
southeast—northwest and is offset by the main fault. This Stﬁepfﬁt p?frtlon (;:‘thelcqrve. bili h
change in the Sussex reflection character corresponds to 4'fT etr? |f'atedcts't € ret;atlve permea |||ty t%t gwa'tter
the zero-sand line interpreted by the geologic team mem- or the Tirst drainage by progressively reducing Its

. - . value untilamaximum deviation in the lower curvature
bers. The amplitude variation correlated with the fault : L ;
. part is reached. Then the deviation decreases until the
pattern and the zero-sand line.

curves merge and approach the endpoint. The maxi-
mum shift to the right is 10%, which can make a
significant difference in the relative permeability val-
ues in the steepest portion of the curve.

Seismic Analysis

Detailed Reservoir Engineering Evaluation

The reservoir engineering evaluation calculates that, effec-
tive October 1993, the cumulative production is 24.8 billion < The capillary pressure—saturation relationship obtained
standard cubic feet (BSCF) of gas and 1 million stock tank from the mercury—air experiment and transformed to lab
barrels (MMSTB) of oil in the study area. The study area water—oil was found to be comparable with the capillary
encompasses approximately 15,360 acres with 62 wells propressure points obtained from the water—oil displacement
ducing from the Sussex formation. The preliminary estimatesexperiments.
for remaining oil reserves are 240 thousand stock tank barrels * The numerical simulation of the lab experiments used the
(MSTB) of oil and 5 BSCF of gas. The estimates are based orinitial core conditions as input. The match of experimental
material balance calculations and decline curve analysis.pressure and displaced fluid volume was obtained by chang-
There is a high degree of uncertainty in the material balanceng the relative permeability curves.
estimates because of the limited amount of pressure data and
the difficulty of obtaining good pressure data in a low- Technology Transfer
permeability reservoir. The decline curve analysis was diffi-

cult because of the long flow times necessary to reach pseudog An abstract of a paper on muIF|d|SC|pI|nary team mod.elmg
: : of a complex sandstone reservoir, Colorado, was submitted to
steady-state flow. Linear flow probably exists for up to 10 yr

in the lower permeability portions of the reservoir the American Association of Petroleum Geologists interna-
perms yp . ' tional conferencéThe paper includes an example of how the
The wells in this area have been hydraulically fractured.

: . research effort can be incorporated into the classroom.
On the basis of two available well tests, fracture lengths
indicate that actual hydraulic fracture lengths are approxi-
mately 60 to 80% of the design lengths. The fracture orienta- Reference
tion and the geometry of the drainage area are important for o )
optimal well placement in a tight. compartmentalized reser- 1. R. M. SlattMultidisciplinary Team Modeling of a Complex Sandstone
p, p X ,g ' p X Reservoir, Coloradgaper to be presented at the American Association
voir. Fracture propagation direction cannot be determined ot petroleum Geologists International Conference and Exhibition, Nice,

from production data and common well test data. France, September 10-13, 1995.
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DEFINITION PROJECT

Lawrence Berkeley Laboratory
University of California
Berkeley, Calif.

Contract Date: Apr. 1, 1992
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Government Award: $275,000

Principal Investigators:
J.C. S. Long
E. L. Majer
L. R. Myer

Project Manager:
Robert Lemmon
Bartlesville Project Office

Reporting Period: Oct. 1-Dec. 31, 1994

Objectives

The purpose of this work is to validate geophysical and

Summary of Technical Progress

Hydrologic-Related Work

The pilot-site well-test analyses that used the iterated func-
tion system inversion method (IFSINV) were completed. The
final tasks consisted of completing co-inversions of three upper—
middle sand channel well tests, which looked for heterogeneity
solely in the intervening clay layer; performing a series of co-
inversions of the same tests, which sequentially searched for
heterogeneity in the clay layer, the middle sand channel, and the
upper sand channel; extending the inversions constrained by
lithologic information to illustrate a simple energy surface and
analyzing the performance of various optimization schemes on
it; performing cross-validation studies of upper—middle sand
channel inversions; and comparing the IFS method to a tradi-
tional geostatistical analysis with single-well tests.

Seismic-Related Work

First arrival times were re-picked for one of the cross-well
seismic surveys with care that direct rather than refracted
arrivals were picked and inverted to produce a velocity
tomogram. Although different constraints were applied to the
inversion, it produced results consistent with previous inver-
sions with picks that had been validated. The new inversion
does not provide any more information than the previous ones.
Although the Gypsy interval is readily apparent as a low-
velocity zone, no resolution of features within it is possible

hydrological techniques for characterizing heterogeneousWith the use of first arrival times alone.

reservoirs in the most optimal (economic) manner. The
overall objective of the project is to develop a methodology
that can be used by the petroleum industry in a variety of
heterogeneous regimes for characterizing and predicting th
performance of petroleum reservoirs. This objective will be

accomplished through a cooperative research program be

tween Lawrence Berkeley Laboratory (LBL), British Petro-
leum, Inc. (BP), and the University of Oklahoma (OU),

A study on the propagation of guided seismic waves at the
Gypsy pilot site was reviewédAn alternate method has been
used to look for guided waves through examination of com-

dnon source gathers. It appears that guided waves may propa-

gate through the lower sand channel, but no such signature has
been observed for the upper or middle sand channels.

Integration of Hydrologic and Seismic Work

which is focused on the characterization of heterogeneous The pilot-site cross-well seismic surveys conducted by BP
reservoirs in a meander-belt porous-medium formation. BPwere re-examined with the lithology and well-test analysis
has done characterization and data integration at several tegesults in mind, and assessment of the relative value of
facilities. The present program will continue BP’s multiyear 9geologic, hydrologic, and geophysical data was made.
efforts at the Gypsy site in northeastern Oklahoma. The
resulting research will integrate various geophysical and
hydrological methods and apply them at a well-calibrated The first-arrival picks for the cross-well seismic data done
and characterized site where their use can be assessed. THéLBL were transmitted to OU, with the suggestion that they
cooperation will allow techniques developed for waste stor- P€ incorporated into the Gypsy data set.

age and geothermal energy to be adapted for use in heteroge-

neous and fractured reservoirs. The work will be coordinated
with the cross-well electromagnetic (EM) research and de-
velopment project and the LBL/Morgantown Energy Tech-
nology Center (METC) reservoir performance definition
project.

Data Transfer

Reference

1. J. O. Parra, B. J. Zook, and H. Colli&eismic-Guided Waves for
Reservoir Continuity at the Gypsy Test Site, Oklah@ayaer presented
at the Society of Exploration Geophysicists 64th Annual Meeting, Los
Angeles, Calif., October 23—-28, 1994.
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Contract Date: Sept. 29, 1993
Anticipated Completion: Sept. 30, 1996
Government Award: $250,896

Principal Investigator:
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Project Manager:

Robert Lemmon
Bartlesville Project Office

Reporting Period: Oct. 1-Dec. 31, 1994

Objective

interactions as they relate to reservoir architecture and litho-
logic characterization. This interdisciplinary effort will inte-
grate geological and geophysical data with engineering and
petrophysical results through reservoir simulation. Subcon-
tractors from Stanford University (SU) and the University of
Texas at Austin (UT) are collaborating on the project: SU is
supervising the geophysical research and UT is supervising
the hydrologic and tracer research. Several members of the
Petroleum Recovery Research Center (PRRC) staff are devel-
oping improved reservoir description by integrating the field
and laboratory data, as well as developing quantitative reser-
voir models to aid performance predictions.

Summary of Technical Progress

Cross-Well Seismic Test

Field Work

The cross-well seismic field experiment at the Sulimar
Queen Unit began on December 18, 1994, and was completed
on December 21, 1994. The work site consisted of the well
pair No. 1-3 and No. 1-16, shown in Fig. 1. Because tubing,
rods, pump, and a packer were to be pulled from the wells,
arrangements were made to run a through-pipe gamma-ray,
neutron log in Well No. 1-16 where a core analysis was
available. The log from WellNo. 1-3isa 1960’s style through-

The objective of this project is to integrate advanced pipe gamma-ray, neutron log that was used to identify the
geoscience and reservoir engineering concepts with the goahterval to be perforated. The initial reservoir description will
of quantifying the dynamics of fluid—rock and fluid—fluid be dependent on this type of 1960’s vintage perforating log.
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Fig. 1 Field site for cross-well seismic test, Sulimar Queen Unit, Chaves County, N. Mex. (Art reproduced from best available copy.)
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Rods, tubing, pump, and packer were removed from the
wells in advance of cross-well seismic work. Two workover
rigs were left on the wells to facilitate the installation and
removal of the seismic sending and receiving equipment.

Seismic field operations commenced December 19, 1994,
with the arrival of three TomoSeis staff members, four
Computalog wireline operators, a contract field operator from
Pecos Petroleum Engineering, three workover rig personnel,|  Piezoceramic Hydrophone
and support personnel from SU and the PRRC. Logging souree receivers
continued around the clock with crews working 12-h shifts.
Equipment consisted of one TomoSeis recording trailer (which
included a computer workstation), one 50-kW generator to
power the downhole source, and two wireline trucks (one for
the piezoceramic source and the other for the six hydrophones
recording string). The sketch in Fig. 2 depicts the sending and
receiving equipment. Fig. 2 Sketch of seismic sending and receiving equipment.

Depths were calibrated with a gamma-ray tie-in logginn
run, the receivers were run into Well No. 1-16, and the sou
lowered into Well No. 1-3. Approximately 9050 traces wet
collected, with additional traces taken to quantify shootir REC 1512 REC

. s . SRC 1092 1012 1732 1662 1672 1492 1412 1332 SRC
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19,250 traces were collected in this configuration. Noise w
prevalent in the data collected in this configuration, b
notably quieter than in the initial configuration. The straig|
lines (tube waves) seen in the unprocessed data (Fig
illustrate the noise problem.

The survey was recorded with 5-ft source and recei\
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spacing were chosen at 1700 and 1750 ft to give good ang ‘0‘:"‘:;:,4‘,
coverage of the Queen formation. A vertical aperture of 60( l ) ji%:‘f'}.’ﬂ!zq
was recorded, approximately 1.5 times the well spacing. T '! 1]3.,1' b
should provide a good aperture for inversion. q‘q}ll;:ﬁ;‘».

All the field data contained the strong tube waves seer ;lﬁ‘. b
Fig. 3. Unfortunately, noise obscures most of the signal. 60 3:}{.‘:@“"' 60
more typical data set (gather) from another survey is provic i{]':cffg:lf.f
in Fig. 4. The direct arrival is clearly seen in these data alc D“%}“i’%‘
with some reflections and tube waves. The application of ‘:,ﬁ,“,"a.“ ‘
automatic gain correction (AGC) of the field data given i 3&‘3:4;:, ;

J

Fig. 3 reveals the direct arrival of some of the traces, ala
with evidence of reflected compressional waves, as showt
Fig. 5. The fact that reflections are seen in the raw data is arrig. 3 Display of unprocessed seismic data. (Art reproduced from best
encouraging sign that the processing will be successful inavailable copy.)
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mapping, interpretive surface and fault modeling, and volu-
metric calculations; and SeisWorks/2-D and SeisWorks/3-D,
packages designed for storage, management, and interpreta-
tion of two-dimensional (2-D) and three-dimensional (3-D)
seismic data. These programs run on a Sparc10 Workstation
also provided by Landmark Graphics.

Landmark has also provided training on the various soft-
ware packages, and to date, schools on the operation of
GeoDataWorks, Z-MAP Plus, StratWorks, and Workflow
Management have been attended by the PRRC personnel.
Additionally, a presentatiorReservoir Characterization of
Sulimar Queen Field, Chaves County, N. M&rs made for
Landmark’s Worldwide Technology Forum in December
19941

Information from the Sulimar Queen field has been entered
into the database, including digitized well logs, well locations,
well elevations and depths, surface picks, and production
data. In addition, 2-D seismic data have been prepared for
loading and will be entered and examined.

Reference

1. Martha E. CatheReservoir Characterization of Sulimar Queen Field,
Chaves County, N. Mexpaper presented at Landmark Worldwide
Technology Forum, Houston, Tex., December 1994.

FABRICATION AND DOWNHOLE
TESTING OF MOVING THROUGH

Fig. 5 Modified display of Fig. 3 data. (Art reproduced from best
available copy.)

methodology for the old gamma-ray, neutron-perforating
logs. A neural network will be trained with the information
available from Well No. 1-16 and then used to evaluate the old
logs.

Data Management

Computer hardware and software provided by Landmark
Graphics Corp. are being used to manage and utilize the
data that are accumulated. Among the programs are
OpenWorks, the geoinformation and integration frame
work; GeoDataWorks, a graphical data query application;
StratWorks, an application for well log correlation, cross
section creation, fault modeling, and mapping; PetroWorks, a
set of tools for petrophysical analysis and well log editing

and interpretation; Z-MAP Plus, an advanced system for
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Objective
RESEARCH PROGRAM ON FRACTURED
The objective of this projectis to validate recently discovered| PETROLEUM RESERVOIRS

technology dealing with oil well measurement instrumentation
that will allow the industry to find missed oil and bypassed gas.| Contract No. DE-FG22-93BC14875
This breakthrough technology, already endorsed in principle by,
the oil and gas industries, will allow identification of missed oil
and bypassed gas locations in abandoned fields as well as i
existing offshore wells and will also allow increased productiv- Contract Date: Sept. 30, 1993

ity from low-production wells. There is no other proven technol- Anticipated Completion Date: Sept. 29, 1996
ogy that can detect such oil behind steel casing, lower the Government Award: $443,000

discovery risk, and improve the success rate of recovery of
otherwise accessible but undetected oil and gas reserves. Principal Investigator:
Abbas Firoozabadi

Reservoir Engineering Research Institute
Palo Alto, Calif.

>

Summary of Technical Progress Project Manager:

Robert Lemmon
It is believed that there may be more potential bypassed oil Bartlesville Project Office

horizons around existing wells than will be found in the future
by wildcat drilling in the continental United States. This new
technology could substantially increase the petroleum reserves Reporting Period: Oct. 1-Dec. 31, 1994
in the continental United States and obviate the need to drill ne
wells, particularly in environmentally sensitive areas. This tech-
nology initially may be of particular interest to independent oil Objectives
companies and ultimately will be of great economic value to
major oil companies as well. The technology can also be usedto The objectives of this project are to provide experimental
monitor enhanced oil recovery (EOR) projects. data on viscous displacement in fractured porous media for
This is a continuing research effort into the new field of gas—oil displacement processes and analyze the data to exam-
measuring resistivity of geological formations from within ine the nature of displacement improvement from viscous
cased wells. Additional data confirming the feasibility of the forces. A method that accounts for reinfiltration and capillary
technology are to be taken in a test well with the existing stop-continuity not only within the grid cell but also between
hold-and-lock apparatus that is called the Through Casingvarious grid cells is proposed.
Resistivity Apparatus (TCRA). After these data are obtained,
the already existing mechanical apparatus developed in an
earlier phase of the project will be modified and new elec-
tronic components will be fabricated to test the concept of a
moving apparatus called the Moving Through Casing Resis-
tivity Apparatus (Moving TCRA) that is designed to take data
at commercially acceptable logging speeds. These steps are
considered sufficient for subsequent commercial develop-VYiscous Displacement in Fractured
ment by industry. It is important to measure resistivity ~0rous Media

through casing for at least the following reasons: locating  |n some fractured reservoirs, a gas pressure gradient of the
bypassed oil and gas; measuring water breakthrough duringrder of 0.1 psi/ft may be established in the fractures resulting
waterflooding operations; evaluating reservoirs; measuringfrom flow.X Such a pressure gradient could allow enhance-
through a drill string when the drilling bit is stopped; and ment of recovery of the matrix oil. Several experiments were
environmental monitoring of disposal wells, water wells, etc. conducted to study viscous displacement in fractured porous
The analysis has begun on the completely successful tesinedia, including both gravity drainage with free gas displace-
results obtained at the MWX-2 well (blind test of the technol- ment and with forced gas displacement.
ogy). More than 100 figures have been completed to provide The experimental apparatus is depicted in Fig. 1. Two
a complete record of the data for future theoretical analysis.different matrix-fracture configurations (a and b, four experi-

A parallel analysis of the theory has been undertaken thaiments each) were used to study viscous displacement in
shows that ParaMagnetic Logging, Inc.’s calibration con- fractured porous media (Fig. 2).

stant K can be calculated from first principles. Such first
principles calculation gives adequate agreement with theGravity Drainage
empirically determined calibration constant K used at the
MWX-2 well and at prior wells.

Summary of Technical Progress

Immiscible Gas—Oil Flow in
Fractured/Layered Porous Media

Gravity drainage provides a basis to examine the effect of
viscous forces on flow in fractured porous media. In Fig. 3 the
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Fig. 1 Viscous displacement experimental setup.
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Fig. 2 Matrix-fracture configurations used in the experiments. (a) and
(b) represent two different matrix-fracture configurations, four experi-

ments each.
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production and rate data for Test 1a (gas—oil gravity drainage),
Test 2a (gas injection and gravity drainage), Test 3a (gravity
drainage and gas injection), and Test 4a (gasinjection at constant
psi) are compared. Figure 4 shows the injection pressure data for
Tests 2a and 3a. Figure 5 shows the injection rate data for Test
4a. In Fig. 6 the cumulative production and rate data of configu-
ration b experiments are compared. Figure 7 shows injection
pressure data for Tests 2b, 3b, and 4b.

Experimental results demonstrate considerable improve-
ment in recovery because of viscous displacement [i.e., matrix
oil recovery is improved by 10% of pore volume (PV) in
configuration b experiments].

In the simulation of gravity-assisted viscous displacement
and pure gravity displacement experiments, an appropriate
fracture capillary pressure for laboratory experiments was as-
sumed. Fracture capillary pressure and fracture effective perme-
ability expressions used were taken from Dindoruk and
Firoozabad? The capillary pressures of the configured blocks
were calculated from the model of Bentsen and Aiilhe
effective fracture liquid permeability was approximated by
analyzing the flow perpendicular to fracture planes. Because of
strong capillarity, small fracture apertures, and rapid desaturation
of fractures, fracture-relative permeability becomes relatively
unimportant. Numerical results are in ga@gpleement with the
experimental data.
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The simulation analysis has led to the following conclu- e« Effects of viscous forces in a fractured porous medium are
sions: very important. Rate and production enhancement after injec-
« Production performance of viscous displacement in ation of nitrogen indicates the importance of viscous forces.
fractured porous medium is influenced mainly by pressure e Viscous injection can be a viable alternative to accelerate
drop across the displacement length; pressure gradient is aroduction even for fractured reservoirs close to capillary—

measure of fracture aperture and injection rate. gravity equilibrium.
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INJECTION PRESSURE, psig

Fig. 7 Injection pressure data for Tests 2b (—), 3b (......),
4b (- —-).

Simulation of Fractured Reservoirs

Dual-Porosity Simulation Incorporating
Reinfiltration and Capillary Continuity
Concepts

0.9 . . ; , , Continuity in a Computational GridceReservoir Engineering Research
08 | | Institute Report No. 1Q94, May 12, 1994.
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Interaction between grid cells. A method is proposed

that accounts for reinfiltration and capillary continuity not
only within a grid cell but also between various grid cells. The
method is based on the observation that the rate of drainage ¢
a matrix block in a stack, when plotted vs. matrix block
average saturation, reveals a systematic behavior. In such
plot, the drainage rate of all the matrix blocks can be approxi-
mated by two universal curves when only reinfiltration occurs
and three universal curves when capillary continuity is ac-
counted for. Therefore fine-grid simulation of a stack of two

=

Principal Investigators:
F.J. Lucia
C. Kerans

Project Manager:
Robert Lemmon
Bartlesville Project Office

Reporting Period: Oct. 1-Dec. 31, 1994

or three matrix blocks is adequate to calculate the drainage
performance of a stack comprised of a large number of matrix

Objectives

blocks.

The procedure for calculation uses a simple material The primary objective of this projectis to investigate styles

balance!® A reinfiltration term is added to the dual-porosity of reservoir heterogeneity found in low-permeability, pelleted
model, and the exchange term between the matrix and thevackestone—packstone facies and mixed carbonate—clastic

fracture is calculated simply.

facies found in Permian Basin reservoirs by studying similar
facies exposed in the Guadalupe Mountains. Specific objec-
tives for the outcrop study include construction of a strati-
graphic framework, petrophysical quantification of the frame-
work, and testing the outcrop reservoir model for effects of
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into cross sections and maps for improved sequence stratiporosity from 124 wells. A single porosity/permeability trans-
graphic interpretations and comparison with subsurface dataform developed from rock-fabric studies was used to calculate
a permeability profile. Original oil saturation has been esti-
Subsurface Activities mated with the use of a porosity/water-saturation transform
developed from capillary pressure data and modified to fit
Regional cross sections showing facies and sequence stratjporosity/saturation relationships found in unflooded wells.
graphic boundaries in the Grayburg of the northeastern Cen- Maps showing the distribution ofskkh = permeability
tral Basin Platform and detailed cross sections of Southfeet (kh), phix h = porosityx feet (phih), and S8 phix h =
Cowden field have been prepared and distributed to membersgil saturatiorx porosityx feet (SophiH) have been prepared.
of the Reservoir Characterization Research Laboratory. ThisThe kh maps show good agreement with cumulative produc-
material was presented at the October 1994 review meeting inion maps. Initial calculations show original oil in place
Carlsbad, N. Mex. (OOIP) to be approximately 130 million barrels (MMB) of
Characterization of South Cowden field continues. An stock tank oil (STO). Total production from the Moss unit is
analysis of available wireline logs from the Moss Unit indi- 27 MMBO, resulting in a recovery efficiency of 20%. There-
cates that only 124 wells have calibrated porosity logs. Thefore, there is about 50 MMB of mobile oil remaining in the
rest of the porosity logs are neutron logs scaled in countsiMoss Unit.
per-second and not suitable for this work. Cased-hole and There are still questions about the gypsum effect on neu-
open-hole neutron logs, acoustic logs, density logs, and comiron logs in the Emmons Unit. Fifty ft of core from Emmons
binations of these logs have been calibrated with core dataNo. 210 well were sampled every foot and submitted for X-ray
and the resulting transforms have been used to calculateliffraction (XRD) analysis for gypsum.

development of accurate descriptions of petroleum reservoirs.

APPLICATION OF ARTIFICIAL The ultimate goal is to design and implement a single power-
INTELLIGENCE TO RESERVOIR ful ES for use by small producers and independents to exploit
CHARACTERIZATION: AN reservoirs efficiently.

INTERDISCIPLINARY APPROACH The main challenge of the research is to automate the

generation of detailed reservoir descriptions honoring all the
available soft and hard data, which range from qualitative and
semiquantitative geological interpretations to numeric data

Contract No. DE-AC22-93BC14894

University of Tulsa

Tulsa, Okla. obtained from cores, well tests, well logs, and production
statistics. Inthis sense, the research projectis multidisciplinary.
Contract Date: Oct. 1, 1993 It involves a significant amount of information exchange
Anticipated Completion: Sept. 30, 1996 between researchers in geology, geostatistics, and petroleum
Government Award: $240,540 engineering. Computer science and Al provide the means to

effectively acquire, integrate and automate the key areas of

Principal Investigator: . . . . .
expertise in the various disciplines represented in a reservoir

M. Kelkar
characterization ES. Additional challenges are the verifica-
Project Manager: tion and validation of the ES, because much of the interpre-
Robert Lemmon tation of the experts is based on extended experience in
Bartlesville Project Office reservoir characterization.

The overall project plan to design a system to create
integrated reservoir descriptions begins with the develop-
ment of an Al-based methodology to produce large-scale
o reservoir descriptions generated interactively from geology
Objectives and well-test data. A parallel second task develops an Al-
based methodology that uses facies-based information to

The objectives of this research are to use novel techniquegienerate small-scale descriptions of reservoir properties,
from artificial intelligence (Al) and expert systems (ES) to such as permeability and porosity. The third task involves
capture, integrate, and articulate key knowledge from consolidation and integration of the large- and small-scale
geology, geostatistics, and petroleum engineering for themethodologies to produce reservoir descriptions honoring all

Reporting Period: Oct. 1-Dec. 31, 1994
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the available data. The final task will be technology transfer. so that each system was provided with the information
The results of the integration are not merely limited to thatitneeds, either as raw input or as feedback information from
obtaining better characterizations of individual reservoirs. They another system. Currently, ES shell is being built in
have the potential to significantly affect and advance the disci-C++ to continue the development of the system. The following
pline of reservoir characterization itself. sections detail development of each of the component systems.

. Geostatistical System
Summary of Technical Progress Sy

- During this quarter, work concentrated on trying to im-
Decomposition of System prove the performance of the simulated annealing (SA) algo-

The d ition of th Il svstemn devel tint rithm. The inclusion of flow simulation has a severe impacton
€ decomposition ottne overall System developmentinto y, o oy o cytion time of the algorithm—even when the Laplace
smaller component parts has allowed more focus on the exper,

fransf finite diff LTFD thodol is uded.
knowledge required for each component. This decomposition ansform finite difference ( ) methodology is use

tacilitates the impl ati fh " d its validati Additionally, through analysis of the results obtained, it was
aciiitates the implementation ot the system and Its valildalion .., , ), jed that there was an error in the code that had escaped
and verification. The three component systems represent ho

h of th s i | tatisti q ) YEarlier detection (because of its relatively small size). Analy-
€ach or Ine experts in geology, geostalistics, and engineerngiy ¢ o performance of the variogram-based objective
characterizes the reservoir. Figure 1 describes a model for th|§

unction vs. the two-part (variogram and flow simulation)
breakdown. The concurrent development of these Componenl)bjective function continued.
systems fits into the development of the large- and small-scale
aspects of the system. Each component system in the model ianalysis of Data Input and Manipulation
depicted as interfacing (through the bi-directional links) with a
central repository of reservoir descriptions. Although portions . . -
of these descriptions will essentially be passed from componenfi_ynamIC constraint component is mclud(_ad led to the conclu-
to component as more information is gathered (as shown bythéIon thf.it the rgte (.)f convergence, which was based on a
bi-directional links), the model of a central repository is an comparison (.Wh'Ch is done in Laplace sparfehe observed
accurate account of how the components are integrated (i.e.,th@ressures with the calculat_e_d pressures, was too S.IOW. and
final descriptions in the repository are consistent with all the COUIO! be accelerfited. A(jdltlonally, the terminal Objef:tlve
information given by the component systems. This Systemfunctlon value being obtained, at about 0.1., was toolhlgh to
model allows development of the system with the use of an Al conclude that convergence to a glqbally ODF'ma.ll 59|Ut'0n had
technique called blackboard systémwhich information is occurred. An analysis of the objective function indicated that

centrally located (i.e., on a blackboard), and experts take theilIhe Laplace trgnsform of the observed pressure (input) data
turn to update, change, and correct the information on the/Vas not precise enough to adequately represent the true
blackboard ’ ’ Laplace transform of the real-time pressure values.

The Laplace transform of real-time data involves an inte-
5gration from zero to infinity

Analysis of the behavior of the objective function when the

The prototype system was initially developed in KAPPA-PC
to gain an understanding of the representation issue

L[f(t)] = I:f (t)e ™ dt 1)

Geostatistical
Well test

Normally, rate—pressure—time data have beeninput at discrete
time intervals and only up to a finite time. Thus interpolation
and extrapolation of the observed data are necessary to calcu-
late the Laplace transform. Confirmation was made that much
more input pressure data than were currently being used were
required for interpolation in order to perform a proper trans-
form. At least 10 values per log cycle were recommended. It
was further observed that when larger time values—greater
than 10 d, for example—were considered, the data density
required for interpolation purposes was higher than 10 per log
cycle. The method of extrapolation depends on the flow
regime characteristics at the time extrapolation is performed
[for example, should pseudo steady-state (boundary-
dominated) flow exist, then the most appropriate extrapola-
tion method should be a linear extrapolation using the chord
Fig. 1 Expert system decomposition. slope of the last interval of pressure—time dafdjus some

system
system

Reservoir

description

repository

Geological

system
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pre-analysis of the input data is necessary to ensure that thgeometric averaging to 2717 (459) and 1& 14 (224) 2-D

data quality and quantity are adequate and also that theyrid-block systems, respectively, on which the SA algorithm

appropriate algorithms are used. was run with both the one-part (variogram) and the two-part
Once this was implemented, convergence was faster anabjective functions. The image obtained by this scaling-up

the terminal objective function value reached about one ordertechnique showed a close resemblance to the true image (apart

of magnitude lower, at approximately 0.01. Also, the absolute from being smoother), and also its pressure behavior closely

maximum percentage error between the observed and calcuapproximated that of the true image on flow simulation.

lated Laplace space pressure values was reduced to about o
0.8%. Code Optimization

A detailed optimization effort of the flow simulation code
was undertaken. This required a major overhaul of the existing
There were differences between the pressures obtainegode to streamline the calculations required for updating the
from ECLIPSE (a commercial simulation pack&ga)d the coefficient matrix used in the flow simulation pressure calcula-
LTFD simulator which, although small, increased with time. tions. Although the optimization in an overall sense is complete,
Further analysis that compared the results from both simula-testing and further refinements are still in progress. Initial testing
tors with the analytical solution with a homogeneous reservoirhas shown that the changes have resulted in some gain in
case showed that the ECLIPSE results agreed more closelgfficiency, but not of the magnitude hoped for. Refinements are
with the analytical results. This confirmed that the error was still being made, however.
not caused by truncation or round off in the ECLIPSE time- ) )
step values but, in fact, was caused by a faulty subprogram ir'?tUdy of Matrix Perturbation
LTFD. This error has been corrected. With each perturbation of the permeability distribu-
tion, the coefficient matrix is inverted when solving for the
pressure values for the flow simulation part of the SA
In recognition of the direct relationship between the time algorithm. This matrix is only slightly changed—per-
required for running the simulated annealing algorithm (espe-turbed, in fact—with each perturbation of the permeability
cially when the flow simulation is included) and the grid of the distribution. Changing the permeability value of one
resolution, the decision was made to undertake runs withgrid block results in 19 changes in the coefficient matrix
smaller grids (scaled-up grids). The algorithm would then run terms. Specifically, all seven terms in the row correspond-
faster and thus enable speedier analysis of the optimizationnd to
schemes. New data sets for these runs were generated. THBe block being perturbed are affected along with two
turning bands methatkequential Gaussian simulation (s&s), terms for each of the six blocks adjacent to the one being
and simulated annealing (SAVere used in this effort. In ~ perturbed in a three-dimensional (3-D) grid system. If a 2-
addition to generating the data distribution, the variogram D grid is being considered, then only 13 changes occur: 5
models, gray-scale maps, cumulative distribution functions for the row of the block being perturbed and 2 each for the
(cdf), and conditioning points that define the data were also4 adjacent blocks.
required_ Comp|ete sets were defined and used forl2 Th|S Imp|IeS that, because the matl’iX iS being perturbed
(144) and 16¢ 14 (224) grid blocks. there may be a perturbation approach to updating the matrix
In addition, a code was deve|0ped to generate |ogn0rma|inverse instead of haVing to invert the matrix each time the
data, which could then be used to create a training setPermeability distribution is perturbed—a computationally
Basically, the required mean, variance, and the number of dat&xpensive process. This approach is being studied.
values needed are input, and the program generates a set
values satisfying those specifications. These data are the
used to produce a cdf (and conditioning data if necessary) for Preliminary results indicate that the addition of the dynamic
use with the SA approach in producing the training set. As constraint to the objective function of the SA algorithm does
expected, it was found that the statistics of the values generimprove the match between the training image and the generated
ated only approximately the required statistics (mean andimage over that obtained when only a variogram objective
variance) but that the approximation improved as the numberfunction is used. From a purely visual examination, gray-scale
of values generated increased. images of the results from the two-part objective function
With the statistics from the lognormal data obtained, resemble those of the training image more than those of results
relatively fine-scale heterogeneous permeability grids— with a variogram objective function. Because this type of
81x51 (4131) and 88 70 (5600) two-dimensional (2-D) analysis may be somewhat subjective, an objective measure was
grid-block systems—were generated with the use of SA with applied to determine which image better matches the training
a variogram objective function. Flow simulation was per- image. Analysis of the results with the use of one training image
formed with these fine-scale grid systems to obtain pressure-gives the certainty coefficiemith the variogram objective
rate—time data. These fine-scale grids were then scaled up bfunction as 0.471, whereas for the two-part dbjedunction,

Correction of Flow Simulation Code

Generation of New Data Sets

f .
rET))bservatlons
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the coefficient obtained was 0.667, where the certainty coeffi-image analysis and will be integrated with a neural network
cient, C, between a simulated variablg avid the true value .V approach so that the wide variety of patterns typical of real log

is defined a% profiles can be learned by the system. The new log facies scheme
N . _ has the following components: filter, primitive shape classes,
Zi_sl [Vs(wi) - VS] [Vt () — Vt] comparison routine with objective function, and neural network.

C= N - I N, — 12 2) A filter is required to segregate sandstone, mudstone, and
[Zi:l [Vo(w) -V ] Zizl Vi) -V, ] } marker beds. The filter has the following attributes: value band,

depth band, and depth range. The value bahd imnge of log
values that determines whether the value at a given depth is
assigned: a scaled sandstopeeiie, where the subscriptranges
where from 1 to 100; a zero value if it falls within the value band; or a
negative value if it falls outside the value band but in the opposite

= 1 <N direction of sandstone. The dimensions of the value band may be
Vs "N, Zizl Ve (@) ® determined by the user or established by the computer system
conducting a spectral evaluation of frequency distribution of log
and values. Forthose cases inwhich log values are excessively noisy,

a mid-point moving average will be used over a specified depth
— 1 N band.The profile of log values that fall within the value band is
ViTNT Zi:1 Vi (@) @) customarily called the shale baseline. The shale baseline may
s drift over long log transects. A depth rangeéeafined to control
the depth over which a given value band and, where necessary,
depth band are valid.

The primitive shape classese those simple log profile
Os'.hapes reported earlier (e.g., blocky, funnel, etc.). For agiven
log segment with assigned valugsgg the blocky primitive
shape is compared with the log values. For those log values

in which the comparison is deemed suitable, the log profile of
In addition, the simulated distributions were flow- that shape is assigned. The remaining portion of the log

simulated with the use of the ECLIPSE simulator. Compari- Profile is segmented, and other primitive shapes are com-
son of the pressure—time behavior showed a consistentlyP2r€d.- The thickness of the primitive shapes are first an-
better agreement with the training image by the distribution chored at the gpoints above and below that given segment.

generated with a two-part objective function over the distribu- ' "€ thickness of successive primitive shapes is determined
tion obtained from a variogram objective function. by the fit of the previous primitive shapes. The resultis a log
profile that is described by a combination of primitive shape

A value of C closer to one implies a closer match between the®
simulated and the true distribution; however, the validity of
using the certainty coefficient as a measure of the goodness
match between distributions is still being studied because
inconsistent results with this coefficient raise questions about
its utility or suitability.

Geological System elements with different thicknesses. This approach tends to
bias the result by selecting the log profile withyGnumas
Log Facies being a blocky element when most geologists might consider

this element to be a part of a thicker bell or funnel shape.
}J’herefore rules must be established to accurately identify
certain combinations of elements as being thicker examples
f simpler elements. The case of serrated vs. nonserrated log
profiles is determined by the variability of log values about

The approach taken earlier in this project for the recogni-
tion of log has not been successful. One reason for the lack o
success comes from the great variety of conditions a single lo
type used in lithologic determination can take on as a result o
logging companies, vintages, or hole conditions. Another o

. L . . the primitive shape.
reason is the inability for this approach to recognize and

) ; An objective function isequired to determine the best fit
segment compound or complex log facies pattems. This pas;[)f comparisons made between the log values and the primi-
approach does work well for solitary occurrences of simple P 9 P

log patterns. Unfortunately, this is not the case for most real-tlve ShaF’e values. The objective function conS|der§ the sum
world conditions. of the differences between the values as a function of the
An approach was developed to deal with compound andprimitive shape class and thickness. The bestfitis determined

complex log facies occurrences, and evaluation began early irpy,a minimum 'Fhreshold. in the objgctlve funct|c.)n.. When the
this quarter. The approach used progressive segmentation cﬂ)bjectlve‘ funct!on criteria are aghleved, the pr_|m|t|ve shape
log profiles with values above a given sandstone threshold.€'€ment is assigned to that particular log profile segment.
Unfortunately, this approach was too computationally inten-
sive to be of practical use.

A new scheme that has been devised will be thoroughly  The first selection of publications for the annotated bibli-
developed and evaluated. This scheme uses techniques fromgraphy is complete. The 30 papers dealing with the

Annotated Bibliography
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application of computer and quantitative methods to log
facies recognition and correlation have been summarized in
about 90-word statements written for non-geologists. This is

Set of Well Logs

N

a highly useful resource for the project as well as others
outside the project. This task will continue as new literature
is discovered.

Sandstone Geometry Database

The sandstone geometry database for meandering fluvial
and fluvial-dominated deltaic systems is being compiled
from the literature. The effort is to develop empirical rela-
tionships between thickness (available at well locations) and
lateral extent along both depositional strike and dip direc-
tions. The relationships are extracted directly from the litera-
ture, or data are compiled from the literature. This effortis to
be used in developing rules for establishing width dimen-
sions for mapping of facies within a genetic interval.

Correlation Program

The structure of the correlation program is diagrammed in
Fig. 2. As shown in the figure, the program consists of four
main modules: marker bed module, log facies module, inter-
mediate module, and main module.

Marker bed module. The resistivity log is the primary
well log used for determining the marker beds. Each well log
is identified for potential marker beds, and then the equiva-
lent marker beds along every other well are determined. It is
designed so that a pair of marker beds encompass a region of
interest. If the bottom marker bed is absent, then only the top
marker bed can be given, and the bottom marker bed is
assigned a null value. The correlation program is designed to
use this form of incomplete information. The output from the
marker bed module is a linked list (see Fig. 3). Each node in
the list contains information about individual wells: the well
name, top marker depth, and bottom marker depth.

Marker bed Log facies
module module
Intermediate
module

Data files for

individual wells

Main Rules for
module correlation
Stratigraphic

section

Fig. 2 Structure of correlation program.

LOg facies module. The input tothe |Og facies module Well name Well name Well name Well name
: : _ —| Markertop [—| Markertop [—| Markertop [—| Markertop [—
Is a set Of We” |OgS. For eaCh We” |Og’ the faCIeS occur Marker bottom Marker bottom Marker bottom Marker bottom

rences are identified and their shape is determined. The
output of

the module is a linked list (see Fig. 4). Each node in the
linked list contains the name of the well, a pointer to the
list of facies occurrences, and a pointer to the next node
of the list. Each node in the list of facies occurrences

Fig. 3 Marker bed linked list.

a data file is created in the format needed by the main
module. The pseudocode for the intermediate module is

contains the top and bottom depths of the facies occur{ Do until end of the lists

rence, the shape of the facies occurrence, and the pointeq
to the next node.

Intermediate module. The role of the intermediate
module is to execute both the marker bed and the log facies
modules to create the individual data files for every well.
The output from the marker bed and the log facies modules
will be linked lists containing individual well information.
The intermediate module will take each well one at a time
from the two lists and associate each subunit with the
corresponding stratigraphic interval. Finally, for each well,

—

Create a data file.

Take two objects, one from each list.

Write to the file the name of well and well id.

Write to the file the stratigraphic unit id and the top
bottom marker depth.

For each subunit from the list (obtained from log fa
program), assign subunit id and write to the file thg
top depth, bottom depth and facies shape.

and

Cies
2 id,
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— Wellname |—{ Wellname |—| Wellname |—| Wellname |—
I I I I
Top Top Top Top
Bottom Bottom Bottom Bottom
Shape Shape Shape Shape

Fig. 4 Log facies linked list.

The form of the data file for each well as output by the
intermediate module is shown in Table 1.

The well name, top depth, bottom depth, and the facies

information come from the log facies module. The intermedi-

ate module will assign the id numbers to the subunits and the

stratigraphic units. The top marker depth and the bottom
marker depth of each well will come from the marker bed
module. The KB and GL elevation will be derived from the log
heading of each well. Each of the preceding individual files
are read by the main module and the list of well objects is
created.

TABLE1
Data File
Well name Glen68 character string
Well id 1 integer
Well location(x) 1500 ft integer
Well location(y) 1600 ft integer
KB elevation 300 ft integer
GL elevation 150 ft integer
Well log depth 7000 ft integer
Number of stratigraphic units 1 integer
Stratigraphic unit id 1 integer
Number of subunits 2 integer
Top marker depth 1000 ft integer
Bottom marker depth 2500 ft integer
Subunit id 1 integer
Top depth 1200 ft integer
Bottom depth 1400 ft integer
Facies ? character string
Subunit id 2 integer
Top depth 1600 ft integer
Bottom depth 1850 ft integer
Facies ? character string

Main module. The input to the main module is the data
files for individual wells. This module creates objects consist-
ing of the information from the individual wells and then

TABLE 2
Correlated Object

Welllid integer
Well1 name character string
Well1 x-co. integer
Well1l y-co. integer
Well1 depth integer
Well2id integer
Well2 name character string
Well2 x-co. integer
Well2 y-co. integer
Well2 depth integer
Stratigraphic unitl id integer
Stratigraphic unit2 id integer
Subunitl id integer
Subunit2 id integer
Topl depth integer
Bottom1 depth integer
Top2 depth integer
Bottom?2 depth integer
Flag integer

The integer tags 1 and 2 refer to the two wells under
consideration. The display routine takes each correlated ob-
ject in turn and connects the subunits across the xy plane.
Different strata are marked with the top and bottom depths.
Furthermore, the strata are colored differently for differentia-
tion purposes. These programs are written using Microsoft
Visual C++. The foundation classes are used to support the
various objects. Every object that is built is derived from the
foundation class object, C-object. Each linked list that is built
for a distinct class of objects is derived from the C-oblist of the
foundation class.

Well-Test Interpretation

This part of the project uses an ES approach to develop a
well test interpretation system that uses data from transient
well testing to obtain information about reservoir parameters,
such as permeability, reservoir pressure, wellbore conditions,
reservoir discontinuity, and other information essential for
reservoir studies. On the basis of the information available,
the system first identifies the well model. In the interpretation
of well tests, especially model identification, two parallel and
equally important sources of diagnosis, the pressure transient
testing itself and the knowledge of the relevant geological and
other engineering information on the well being tested, are
widely used by engineers. The former is based on significant
shapes displayed on the test signal, which may correspond to
features of the tested reservoir. The latter is used to predict the

makes a linked list of these objects. This list is passed as aeservoir behavior on the basis of all the available external

parameter to the correlation function, which, in turn, creates

geological and engineering data. They are complementary to

a list of correlated objects. This list is then passed as aeach other. Previous work on the application of Al techniques

parameter to the display routine, which displays the strati-

graphic section of the wells under consideration. The corre-

lated object is a pair of stratigraphic subunits belonging to two
wells. The elements of this object are shown in Table 2.
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to this domain has mainly attempted to automate the former
diagnostic. The latter case is an expertise that is widely used
in practice. The system implemented makes use of data from
both the areas to identify the model correctly. The use of data



from both of these areas also helps in the verification of the Pressure External geological
. . . derivative data data

result, whereby the results of interpretation are checked with

the known external data.

Once a model is identified, first estimates of various o
parameters are required. Initial parameter estimates can be dentification
obtained by using the parameter estimation algorithm added
to the system. The identified model and the estimated param-

l Identified model

; ; i R _ User preferences of
eters prowde a startlng pOInt for an automated type curve | Par_ame_ter parapmeters to be
matchmg ana]ys|s_ estimation estimated and other

l input parameters

Previous Work

. . Initial parameter
. - . . Initial estimate )
The model identification part of the system was imple- n;t'acczgtam: estimates

mented previously. The system uses the pressure derivativegfefhdbacl;for t l
plot to classify wells. The input data are plotted and analyzed "™ "e"emen

to identify the various characteristic segments in the plot. || Display measured

These segments are identified and compared with the existing

database of models to pick the correct model. More than one | initial estimates acceptable
model may fit the description. A symbolic representation

approach that creates a simplified representation of the deriv-

ative data in terms of predefined symbols is used for model Fig.5 Parameter estimation module in perspective.

identification. These symbols are then used by the model

matchingalgorithm to match it with the previously stored the initial estimates for the well parameters. Parameter esti-

model information. The matching algorithm can eliminate mation is carried out after a model has been selected. Pres-

minor disturbances in the input data. . o
.__ently, the system carries out the estimation process only after
The system was extended to handle external geological_ . o e )
a single model is identified. For multiple models, the user

data. Geological data, such as geometry, penetration, poros-

. o must narrow down the choice to only one model and then
ity, and conductivity, have been used. All the known data can . : . .

. . select the parameters to be estimated. An interface is provided
be entered with the use of the user interface. The system allow.

certain parameters to be left unspecified if they are unknown.For this purpose. On the basis of the model identified and the

. ) . . parameters specified, the system builds up an input to the
Wlth the av.a|lable information, the system narrows down the estimation program. The estimation module (presently in
list of possible models. A number of rules have been devel-

o .~ FORTRAN) is then executed. The output from this module is
oped to aid this process. The system uses a forward Chamm%btained in an output file, which gives the values of the

|r:fer§n(t:r(]e mecgalr!:jsmtt? art(lve at the retsutl)ts.lerlns |sdtr£)e I'r:Strequired parameters.
step in the model ldentincation process 1o be followed by the 1, parameter estimation module also produces the calcu-

plot analysis. These procedures together help narrow OIOWr]ated pressure and derivative values on the basis of the model

Fhe ch_0|ce as much as possub!e and_ pick the moglel. I:Orand the parameter values. These data are displayed to the user
inconsistency in the results obtained with the preceding pro-

o ) ~ ~ to help in judging the correctness and accuracy of the esti-
gedures, amessage is given to the user to help in the Ve”f'cafnated values. The user may decide to accept these values or
tion of the result. may run the estimation procedure again. Refining the esti-
mated values may require changing certain parameters used

by the estimation program.
For a full automation of the interpretation procedure once

a model is proposed, it is necessary to find first estimates forExample

its parameters. Though they are not intended to be the final The system has been tested successfully with the available
result of the interpretation, these estimates constitute thgnodels. The model used here isfthite wellbore radius well.
starting point for an automated-type curve-matching analysis.The parameter estimation step is preceded by model identifi-
The system was thus extended to include a very powerfulcation. Figure 6 shows the model selected by the program.
parameter estimation algorithm. The block diagram in Fig. 5 Before parameter estimation, the program determines if the
shows the parameter estimation module in relation to the Othefequired parameters have been specified. Figure 7 shows the
modules in the system. data entry screen for the parameters to be estimated. The user
can also specify the objective function to be optimized. The
defaultis regression on pressure derivatiVas.user can also

As a step toward complete automation of the well test specify the minimum and the maximum values of the selected
interpretation system, parameter estimation modules haveparameters. Work is being done to allow the user to set other
been added to the system. These modules are used to obtaifariables required by the estimation module, which will give

Further Development/Extensions

Parameter Estimation
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Fig. 6 Model of finite wellbore radius well.
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Fig. 7 Data entry screen for parameters to be estimated.
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better control of the procedure. Once the parameters hav&8hough all major sections of the system have been coded,
been set, the parameter estimation module is executed. Th&urther work and testing are required to make it more robust
output from this module is plotted in the measured dataand accurate.
window (Fig. 8). This allows the user to compare the result ) )
with the input data to check for the accuracy of the estimated®hanging Development Environments
parameters. In this case the calculated values match the input The KAPPA-PC knowledge base is being used for the
data. The initial estimates for the required parameters aerp|ementaﬂon of these projects_ To be more Specific’ some
written into a data file. of these projects include log facies identification, well-to-well
Some reservoir parameters can be specified independentlgtratigraphic correlation, and marker bed identification.
by some external means, which would reduce the number ofyhereas a rule-based reasoner is available with the inference
unknown parameters. The parameter estimation algorithmengine embedded in KAPPA-PC, several limitations have
works better if the number of parameters required to bepeen encountered (for example, programming in the KAPPA
estimated is small. Apart from type curve matching, the |anguage is quite cumbersome). Whereas the KAPPA lan-
estimated parameters may be used to aid other parts of thiguage is based on C, the syntax is significantly different and
project. This information could be used by other groups for |imiting (for example, the KAPPA language limits the size of
checking consistency with the geological information for g function to 1400 characters). In addition, the KAPPA
large-scale reservoir architecture. language is not so powerful as C or C++. Whereas it is possible
to write functions in the C or the C++ language and link them
to KAPPA-PC, this process is time consuming. For these
The present system contains all the information and mod-reasons, the conclusion has been reached that, by building an
ules needed for a completely automated well test interpretainference engine in C++ and porting the code to the C++
tion system. Automated module identification has been language, all additional requirements and extensions made to
achieved with pressure derivative data and external geologithese projects will be easily implemented. With the access of
cal data. Parameter estimation is carried out to get the firsta more-sophisticated programming language, the new ap-
estimates required for type curve matching. With the use of Al proach and its additional flexibility and power will provide for
techniques, different parts of the system were automatedmore efficient and sound results.

Conclusions
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Building an Inference Engine Backward chaining is used when the user makes a query as
to whether a certain factis true and when there is arule that can

An inference engine is among one of the several compo-d termine th f K inf tion in the k |
nents of an ES. It empowers the ES with a reasoning mecha’ ¢ ormine the query irom known information in the know'-

nism and search control to solve problems. The most common‘Edg_e .base or from answers given by' the user. Backward
reasoning method for problem solving in ES is the application chaining attempts to prove the hypothesis from facts. Because
of simple logic rules or rule-based reasoning. the current goal is to determine the fact in the conclusion, itis

Rules have a standard IF-THEN form. The following is an N€c€ssary to determine whether the premises match the situ-

example of a rule: ation. The details of the backward-chaining procedure are
Given: IF A, THEN B and 1. Arequest is made to achieve a fact (the goal).
IF B, THEN C. 2. The goal does not match any known fact.

) 3. The goal matches the conclusion of a rule.
Conclusion:  IF A, THEN C. 4. The system computes the substitution that unifies the
The IF part contains a set of premises, and the THEN partgoal with the conclusion.
gives a set of conclusions. The inference engine manipulates 5. The substitution is applied to the premise of the rule.
the rules through managing the chaining of rules by linkingthe 6. The result becomes a new goal of the system.
premises of one rule with the conclusions of another. This 7. The new goal can do the following:
reasoning process examines the rules, facts, and relations in » Match a fact in the knowledge base.

the knowledge base during the evaluation. Search control » Match a conclusion of a rule, leading to further back-
methods are used to minimize the reasoning time. ward chaining.

The goal of this project is to build a special inference * Ask the user for the needed information.
engine in C++ in addition to porting code from the KAPPA- « Fail, in which case the original goal fails.

PC language to C++. There are numerous advantages to the 8. Steps 1 through 7 are repeated.
conversion from KAPPA-PC in building and customizing the

ES. The underlying advantage is one of efficiency. Justification, the third component of the inference engine,

provides the user with a tracing facility. It indicates the history
Designing the Inference Engine of goal substitution with regard to the last conclusion. Justifi-
cation gives the name of the rule and the fact used as well as
the fact in the rule that has been used.

The final component of the inference engine is the search
'strategy. Three strategies are available. Depth-first search,
' breadth-first search, and best-first search. Each uses a slightly
different approach to search for a target solution. In a depth-
first search, the search moves from top to bottom. In a breadth-
first search, movement is performed level by level, and the
process examines the nodes on the same level one by one. A
best-first search approximates the distance of the target node
from the current node and selects the shortest path leading to
ghe target node.

The main elements of an inference engine consist of
forward chaining, backward chaining, justification, and search
strategy. An inference engine can be complicated or simple
depending on the complexity of the rules. With simple rules
forward chaining will suffice. With complicated rules and
unstructured logic, backward chaining is more appropriate.
The design of this inference engine will be composed of both
forms of reasoning mechanisms in addition to the remaining
elements mentioned.

Forward chaining steps through the rule list until it finds a
rule in which premises match the factor or situation. The rule
will then be used or fired to assert a new fact. Once the rule ha
been used, it will not be used again in the same Se_a,mhimplementation of the Inference Engine
however, the fact concluded as the result of that rule’s firing
will be added to the knowledge base. The details of the Implementation ofthe inference engine involves the devel-
forward-chaining procedure are opment of forward chaining, backward chaining, and justifi-
cation algorithms as well as the selection and implementation
of an appropriate search strategy. In addition, rule structures
need to be implemented. With most of the code available for
use in book forn, the applicable code will be imported
through a scanner to Visual C++, a product developed by
Microsoft. Once scanned, the code will be debugged and
extended. As a result of the availability of the code, a major
portion of the process of building the inference engine is
simplified. Additional work involves the selection and
This cycle of finding a matched rule, firing it, and adding the implemention of a search control strategy, implemention of a
conclusion to the knowledge base is repeated until no morgustification algorithm, and addressing the issue of prioritiz-
matched rules can be found. ing rules.

1. A fact is asserted.

2. The fact matches the premises of a rule.

3. The system computes the substitution that unifies the
fact and the premise.

4. The substitution is applied to the conclusion of the rule.

5. Thisresultis asserted and is available for further forward
chaining.

6. Steps 1 through 5 are repeated.
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References into paleogeographic, depositional, and diagenetic frame-
works; (3) the development of pore-system imagery tech-

. G.J. Moridis, D. A. McVay, D. L. Reddell, and T. A. Blasingaittee niques for the calculation of relative permeability; and (4) res-

Laplace Transform Finite Difference (LTFD) Numerical Method for  arvoir simulations testing the impact of relative-permeability

Simulation of Compressible Fluid Flow in Reservqiaper SPE 22888 . . - _
presented at the Society of Petroleum Engineers Annual Technical anisotropy and spatlal variation on TenS|eep sandstone reser

Conference and Exhibition, Dallas, Tex. October 5-8, 1991. voir enhanced oil recovery.(EOR). . )
. R. de S. Carvalhd\onlinear Regression: Application to Well Test Concurrent efforts are aimed at understanding the spatial

AnalysisPh.D. dissertation, The University of Tulsa, Tulsa, Okla., 1993. and dynamic alterations in sandstone reservoirs that are caused
. ECLIPSE 100—Black Oil SimulatdECL-Bergeson Petroleum Tech- by rock—fluid interaction during carbon dioxide (§@OR
nologies, Inc., Oxfordshire, England, 1990. , Pprocesses. The work focuses on quantifying the interrelation-

. A.P.YangTurning Bands Method to Generate 2-D Random Field wit hio of fluid Kint ti ith litholoaic ch terizati
AutocorrelationUniversity of Texas at Austin, Austin, Tex., April 1987. Ship ot fluid—rock interaction with lithologic characterization

. C.V.Deutsch and A. G. JourneISLIB Geostatistical Software Library  IN terms of changes in relative permeability, wettability, and
and User’s GuideQxford University Press Inc., New York, 1992. pore structure and with fluid characterization in terms of
. G Pere_zStochastic_Conditi.onal Simulat_ionfquescription of Reservoir changes in chemical composition and fluid properties. This
E;c;;iertles,Ph.D. dissertation, The University of Tulsa, Tulsa, Okla., work will establish new criteria for the susceptibility of

. D Hl.,I,C/C++ For Expert Systems$flanagement Information Source, Tenslee.p sandstone rese_rVOirS to for_mation a,lteration that
Inc., 1989. results in change in relative permeability and in wellbore-
scale damage. This task will be accomplished by flow experi-
ments with the use of core material, examination of regional
trends in water chemistry, examination of local water chem-
istry trends at field scale, and chemical modeling of both the
reservoir and experimental systems to scale up the experi-
ments to field scales.

ANISOTROPY AND SPATIAL VARIATION

OF RELATIVE PERMEABILITY AND Summary of Technical Progress
LITHOLOGIC CHARACTERIZATION OF
TENSLEEP SANDSTONE RESERVOIRS The extensive well-log and core analysis database con-
IN THE BIGHORN AND WIND RIVER structed during the first contract year was used to complete the
BASINS, WYOMING first regional sedimentologic subdivisions of the Upper
Tensleep. The initial analysis of the key flow unit and bound-
Contract No. DE-AC22-93BC14897 ary dimensions is also complete. The relative-permeability
measurements are on schedule. Anisotropy effects were ob-
University of Wyoming served in most sample sets, and some anisotropy calculations

Laramie, Wyo. were made.

Preparations were made for the reservoir simulation stud-

Contract Date: Sept. 15, 1993 ies and the image analysis. Six Tensleep water samples were

Anticipated Completion: Sept. 14, 1996

Government Award: $251,061 collected from the Tgapot Dome oil field_(NPR-.3). These are
type B waters (chloride > 10% mol fraction anions).
Principal Investigator: The second coreflood experiment is proceeding. Also, the
Thomas L. Dunn water database has been expanded to include waters from
adjacent formations to further document lateral and vertical
Project Manager: trends in chemical variation.
Robert Lemmon
Bartlesville Project Office Regional Frameworks
Reporting Period: Oct. 1-Dec. 31, 1994 Work this quarter was concentrated on the subsurface

analysis of the Tensleep sandstone as well as on quantifying

o the dimensions of key flow units. With the use of the extensive
Objectives well-log database and the Oil and Gas Consultants Interna-
tional Inc. (OGCI) well-log analysis program Production
The objectives of this multidisciplinary study are designed Analys®, the well-log traces of the Upper Tensleep sandstone

to provide improvements in advanced reservoir characterizawere subdivided into a series of sandstone—dolomite pack-
tiontechniques. The objectives are to be accomplished througlages. These packages represent sea-level controlled, eolian—
(1) an examination of the spatial variation and anisotropy of marine cycles. A few of these cycles can be recognized on a
relative permeability in the Tensleep sandstone reservoirs ofregional scale and have been correlated around the entire
Wyoming; (2) the placement of that variation and anisotropy Bighorn Basin. Core analysis and description have been
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pursued in order to verify well-log interpretations of particular relative permeability and absolute permeability anisotropy
lithofacies. Approximately 25 additional cores have been ellipses was delayed.
located for further study, and as many as feasible will be
examined and correlated with well logs and added to theCO, Flood—Formation Alteration
regional subsurface analysis. and Wellbore Damage

During the summer of 1994, a series of photomosaics was
made of key outcrops along the eastern margin of the Bighorn ~ Six water samples from the Tensleep formation and one
Basin. Line drawings of the photomosaics have now beensample from the Madison formation were collected at the
made to further delineate and document the systematic hierar] €apot Dome oil field (NPR-3). This field was chosen be-
chy of bounding surfaces that act as barriers to fluid migrationCause its primary (i.e., original formation water) production is
within the Upper Tensleep sandstone. The photomosaics hav&om the Tensleep and Madison formations. Chemical analy-
also been used to calculate the dimensions of particular flowses of these samples showed that the waters are rich in both

units as exposed in outcrop. sulfate and chloride and can be classified as type B in terms of
the definition for Tensleep formation water chemistry. Chemi-
Relative-Permeability Measurements cal modeling for these waters is progressing.

Researchers have compiled 54 and 60 additional water
Relative-permeability laboratory studies are proceeding analyses for the Madison and Phosphoria formations, respec-
on schedule. Testing with additional samples is complete.tively, in the Bighorn Basin from both the Wyoming State
Anisotropy effects identified earlier appear to be confirmed Geological Survey and publications. Water chemistries of
with each additional set of sandstone core plugs. In generalthese two formations were compared with those of the Tensleep
the relative-permeability curves in which flooding is parallel formation and were found to be similar, which suggests
to bedding are much steeper than those in which flooding iscommunication of these formation waters.
perpendicular to bedding. A few exceptions have been found, The core samples used in the firstf£0reflooding experi-
but the accuracy of these exceptions is being studied carefullyments have been prepared for analysis. Thin sections of cores
One new consideration that must be evaluated for all samplegboth before and after the experimental run) were completed
is the channeling that occurs in some of the sandstonesfor microscopic observation. Because the billets for thin
Occasionally the sandstone cores might contain a very highsections were taken from the top, middle, and bottom portions
permeability streak that causes a channel of water to form anaf the composite core assemblage, the morphology change of
subsequently causes nonuniform displacement of oil. This iscement minerals along the direction of the solution flow can
undesirable because in the theory of deriving relative perme-be observed. The morphology and chemical composition of
ability from displacement data, uniform flooding across the the cement minerals will be analyzed with scanning electron
core diameter is assumed. Once a channel forms, the watehicroscopy (SEM).
floods through the channel and no further displacement of oil  The second coreflooding experiment (scheduled for Janu-
can occur. The result is a very steep relative-permeabilityary 1995) will be run under conditions similar to those of the
curve. Such problems appear in only a few of the samples. Afirst run but without cores so that chemical contamination
sufficient number of core samples was obtained that had goodrom the apparatus can be checked during the run [in particular
displacement results. iron (Fe), because most of the wetted parts of the apparatus are
Reservoir simulation studies began this quarter with the made of stainless steel]. The results of this run will allow exact
evaluation of available software at the University of Wyo- determination of the elemental flux between cores and solu-
ming. A simple one-dimensional Buckley—Leverett program tion of the first run.
thatwill allow a comparison of flooding parallel to bedding vs.
flooding perpendicular to bedding is available; however, this prpject Management and
approach does not account for crossflow between layers. Therechnology Transfer
use of a black-oil simulator is being considered as an alterna-
tive. A copy of a black-oil simulator has been obtained, and Extensive poster and graphics preparation for two papers
work with the simulators will begin during next quarter. accepted for presentation at the American Association of
The first set of samples for image analysis work has beenPetroleum Geologists Annual Meeting in 1995 was com-
selected and submitted for preparation. Calculation of thepleted this quarter.
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GYPSY FIELD PROJECT IN
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Contract No. DE-FG22-94BC14970
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Government Award: $348,000
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Project Manager:
Robert E. Lemmon
Bartlesville Project Office

times determined from the VSP data to the top of the
Gypsy interval in each of the wells were in disagreement
by as much as 50 ms (Fig. 1). After a review of the sonic
logs (Fig. 2) and the VSP data (which were in agreement
below 122 m, which was the starting depth for the sur-
veys), near-surface velocity variations were identified as
the cause of the large differences. Unfortunately, not all
the wells were logged to the surface, and the seismic data
were muted so that only a hint of the feature suspected to
be responsible for the velocity anomaly could be identified
(Fig. 3). A schematic illustration of the feature is shown in
Fig. 4.

In addition to the VSP velocity problems, the sonic logs
indicated that the velocity of the Gypsy sandstone interval
was faster than the surrounding strata, whereas the cross-
well seismic measurements indicated that the Gypsy sand-
stone was much slower than the surrounding strata (Fig.
5). The average velocities from the VSP measurements
indicated still another picture of the velocities. The sonic,
cross-well, and VSP differences have been explained in

Reporting Period: Oct. 1-Dec. 31, 1994

Objectives

The overall objective of this project is to use the extensive
Gypsy field laboratory and data set as a focus for developing
and testing reservoir characterization methods that are tar-
geted at improved recovery of conventional oil. The Gypsy
fieldlaboratory consists of coupled outcrop and surface sites
that have been characterized to a degree of detail not possible
in a production operation. Data from these sites entail geo-
logical descriptions, core measurements, well logs, vertical
seismic surveys, a three-dimensional (3-D) seismic survey,
cross-well seismic surveys, and pressure-transient well tests.

The project consists of four interdisciplinary sub-projects:
(1) modeling depositional environments, (2) integrated 3-D
seismic interpretation, (3) sweep efficiency, and (4) tracer
testing.

The first of these aims at improving the ability to model
complex depositional environments that trap movable oil.
The second is a development geophysics project that pro-
poses to improve the quality of reservoir geological models
through better use of 3-D seismic data. The third investigates
the usefulness of a new numerical technique for identifying
unswept oil through rapid calculation of sweep efficiency in
large reservoir models. The fourth explores what can be
learned from tracer tests in complex depositional environ-
ments, particularly those which are fluvial dominated.

Summary of Technical Progress

During the initial assessment of the data taken at the
Gypsy site, several apparent discrepancies in the velocit

No. 1-7 No. 5-7 No. 8-7
Depth to
top of = 200
Gypsy
No.5-7 Interval

900 =

910 =

920 =—

No. 1-7
(south)

(north)

No. 5-7
(south)

Two-way time
from VSP
(checkshot)

No. 8-7
(north)

=210

=220

=230

=240

l— 250

|- 260

Fig. 1 Schematic illustration of the two-way times (dark circles) to the
top of the Gypsy interval as determined from the four vertical seismic
profiles (VSPs) at the Gypsy test site. The depth to the top of the Gypsy
interval is indicated with a solid line. The sources were approximately

- A Y60 m from the surface positions of the wells in the directions indicated.
measurements were observed. Four vertical seismic pro-two surveys were shotin the 5-7 well. All the surveys gave distinct results

files (VSPs) are available at three of the wells. The travel for the two-way travel time to the top of the Gypsy interval.

64



VELOCITY, m/s 1-7 5-7 8-7
(thousands) North s N ( a -ﬁ-..j§9l.“,-
0 2 4 6 8 20 I ! | ! - | H | i
0 pSTILIEY : ] |
S1IIY, I R
Velocity 13 E-li:i ) U]
anomaly 80 5, 5!“ ; 4 2
G . G _ 100 iy .
ypsy 7-7 ypsy 9-7 ] {
= '-}= +2000 m/s 120 o _ v
20 = 140 iy
= %— WRIIIEE22 20001 330 5355310
— P23 AREER. 3.
180 >3 3
?"—'_ 200 1331 b1 82 AT 330500944 SNy
- £33 vl L350 é baXn “;Lg 4 4 ;
’ < 2201—-|'V‘| 33 3 s : L
40} 2 %’_ 240L  RREARLNVANMAY 11338648 ﬁé 5 \'é.éﬁé 2% )
= = SRR <02 22 ed39 30353 PISSTIIoasacs f
Z SNIRTIIIIIINNY: 3553230033 ML ARSI
g Z LA IRE L€ Lddddd ds R RB DR > SO Sy ey & o AE AR
Fal Z
- =
sol- —_ = Fig. 3 Three-dimensional seismic traverse through the three wells at
= iR the Gypsy test site in which vertical seismic profiles (VSPs) were col-
b—-ﬁ lected. The “X"s indicate the times to the top of the Gypsy interval for
_:—7 ,E: each of the wells. The subscripts “n” and “s” indicate that the source
3 < position for the VSP was either north or south of the surface position for
= . the well—a distance of approximately 60 m. The “M” and “TT” repre-
80 = = sent reflections that approximately mark the top and bottom of the
- e Gypsy sandstone interval. The line at the top indicates the position of a
'“.;' = near-surface feature, which appears to be related to the apparent
— ? disagreements between the VSPs.
100}~ ::'_s ———
= _— Kealh
- A i
—_—
T i
120 .
High wolocity |
Fig. 2 Comparison of two of the sonic logs at the Gypsy test site that are &m Ll | k-

recorded almost to the surface. As indicated in the figure, a potential
near-surface velocity anomaly and some structural changes in the near
surface are probably related to near-surface-velocity changes that are
responsible for the large differences between the VSPs. 120 m

! VSPs in agreement | | 1
below 120 m

terms of frequency scaling effects caused by attenuation
and elastic scattering in layered media.

Figure 6 illustrates why thinly layered media are sus-
pected of having caused the frequency dependence of the
measured velocities in the strata surrounding the Gypsy
sandstone interval (for example, the marine section above theig. 4 Jiiustration of the approximate region of a near-surface velocity
Gypsy interval consists of layered shales and dolomites). Atanomaly that can be used to reconcile the large differences between the
very h|gh frequencies (e_g_’ the 10,000-HZ measurements Opertical sei_smic profiles (VSP.S) atthe Gypsy test site. The dashed quethat
the sonic logs), the wavelengths are comparable to or shortef/es ot indicate a geological boundary represents the approximate
than the thickness of the Iayers. Atthese frequencies, intervajegwn in whlc_h_ the anomaly |s|0cated._The velocities specify the average

T > ; - ] . nterval velocities necessary to reconcile the VSP measurements to their
velocities determined by integrating the sonic travel times starting depth of recording at 122 m.
can be treated as aray theoretical estimate of the velocity. For
lower frequencies, such as the 1000 Hz used for the cross-
well measurements, the waves will appear to travel at aHz for the marine section) (i.e., when the wavelengths and
slightly slower velocity than that described by ray theory. bed thicknesses are comparable in size), measurements
The reason for the apparent slowing is that scattered energwre frequency dependent. Finally, at very low frequencies
mixes with the leading wave form. The interference between (e.g., 30 Hz as assumed for the VSP), the wavelengths are
the direct wave and the scattered signals causes most of thmuch longer than the layer thicknesses. The velocity
energy to arrive at a later time and thus results in a slowerreaches its slowest value and becomes independent of
velocity. Atthe intermediate range of frequencies (1000 frequency at this point.
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Fig. 6 Schematic of the types of depositional environments, including
the Gypsy interval, for the section of the 5-7 well shown in Fig. 5. The
strata above and below the Gypsy are cyclic marine sequences, whereas
the Gypsy interval is a heterogeneous fluvial environment. The upper
marine sequence consists of shales and dolomitic streaks, whereas the
lower marine sequence contains sands, shales, and dolomitic streaks.

Fig. 5 Gammaray and velocities from the sonic in the 5-7 well as well as
the HPL, a cross-well measurement between the 5-7 and 7-7 wells for the
zone including the Gypsy sandstone interval. The velocity values deter-
mined from the HPL are plotted on the right side of the plot. The straight
lines are used to represent the velocities determined by dividing the
distance between wells by the first arrival times. In addition, the veloci-
ties obtained by integrating the sonic travel times through selected

intervalsargdra\(vnthrough_theso_nic_curyes.Atfacevalug,thespnicand scattering. With the use of the equations by De étthb,
HPL velot_:ltles give contradictory |nd|cat|on§ of the velocity and imped- differences between the effects predicted from Scattering andthe
ance profile through the Gypsy sandstone interval. ' h
actual measurements were attributed to attenuation and were
modeled. An approximate scaling relation of the type suggested
by Marion et aP was used to estimate velocity measurements at
Backug developed a method of averaging elastic prop- 1000 Hz [i.e., wave theoretical velocity (VMT)].
erties for layered media to predict the velocities of a These ideas were used in an interpretation of the
layered medium when the wavelengths are much longerfrequency-dependent velocity measurements that appeared to
than the thickness of the beds. Following Marion et al., be contradictory. The interpretation interms of elastic-scatttering
this velocity will be referred to as the effective medium effects and attenuation is shown in Figs. 7 (vertical propagation)
theoretical velocity (¥uw7) and the high-frequency veloc- and 8 (horizontal propagation). This new understanding of the
ity measurements (sonic in this case) as the ray theoreticavelocity measurements at Gypsy represents a critical step in the
velocity (Vr7). Frequency-dependent velocities between efforts to match the seismic response at the well control.
these end limits are defined here agrVthe wave theo- The first phase of the project is devoted to the develop-
retical velocity. ment of one-dimensional (1-D) seismograms at each well to
The integrated sonics have been used to estimate théie the well and seismic data. For this task, the discrepancies
value of \kt for the upper marine interval. Estimates of in the velocity measurements at different frequencies had to
the components of the layering in the upper marine sectionbe reconciled. The next step will be to incorporate what has
were also made from the sonic and other data so that ateen learned from the well control at the Gypsy test site into
estimate of ¢y could be made with software written to the construction of 1-D synthetic seismograms for the wells.
use the Backus results. The high-frequengy {6ONIC) This is a critical step toward the two-dimensional (2-D)
and low-frequency ¥yt (VSP) velocity estimates were inversion of selected traverses through the 3-D seismic vol-
used to estimate the limits of the effects caused by elasticume and mapping tasks.
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Fig. 7 lllustration of interpretation used for vertical measurements in
the upper marine section. The integrated sonic for the interval corre-
sponds approximately to a model with 28% dolomite. The value of ¢

of 3038 m/s for 28% dolomite is indicated. The ¥ corresponding to
the elastic estimate of the vertical seismic profile (VSP) measurement is
3000 m/s. The attenuation represented by Q = 50 is represented by the
arrow from 3000 m/s to the observed value for the VSP (2896 m/s). The
VSP and Bender log measurements were made by Burns et®ah a
smaller interval than used for this study. The VSP is interpreted as
averaging over a slightly larger volume because of the longer wave-
lengths. The effective percentage of dolomite for the Bender measure-
ments is reduced because of averaging measurements over a restricted
subinterval from 250 to 260 m. The model value of the M that is
equivalent to the interval velocities for this shale-prone interval (based
upon integrating the sonic travel times) corresponds to 23% dolomite.
The attenuation required (Q = 50) is the same used to explain the VSP
measurements.
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Objective

reservoirs, declining oil reserves, declining production, and
other natural forces are accelerating the abandonment of
offshore oil resources and production platforms. As these
offshore wells are plugged and the platforms are abandoned,
an enormous volume of remaining oil will be permanently
abandoned.

Project research will proceed in three broad phases: data
analysis, supporting research, and technology transfer.

Data Analysis.The Tertiary Oil Recovery Information
System (TORIS)-level data will be collected on the major
fields located in the piercement salt dome province of the Gulf
of Mexico OCS. Representative reservoirs will be studied in
detail to evaluate undeveloped and attic oil reserve potential.
These detailed investigations will be used to calibrate the
TORIS-level predictive models and to assess the recovery
potential of advanced secondary and enhanced oil recovery
(EOR) processes and the exploitation of undeveloped and
attic oil zones for salt dome reservoirs in the Gulf of Mexico.

Supporting Researchsupporting research will focus on
the modification of public domain reservoir simulation mod-
els to simulate accurately the conditions encountered in the
piercement salt dome province of the Gulf of Mexico. Labo-
ratory research will focus on the development of fluid rela-
tionships to be used in the simulation of miscible and immis-
cible processes in the project area.

The objective of this research is to assist the recovery of Technology TransferA significant effort is planned to

noncontacted oil from known reservoirs on the Outer Conti- transfer the results of this project to potential users of the
nental Shelf (OCS) in the Gulf of Mexico. Mature offshore technology.
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Summary of Technical Progress to explore the design parameters for a large-scale sandpack. The
large-scale apparatus was used to investigate oil recovery mecha-
nisms. In all experiments, the core was vertical. The water-
) ] ] . saturated sandpack was oilflooded to irreducible water satura-

_ Progress continues in reducing the TORIS data to fit a(on Wwater was then injected from the bottom port, which
simplified model and redescribing the resource to accommo-produced oil from the center and left a high oil saturation in the
date k_nown production behavior and certain geologic as'upper portion of the core. Gas was injected from the center port,
sumptions. and the core was shut in to soak in order to allow time for gas
migration. Numerical simulations were performed to investi-
gate the effects of soak time, slug size, dip angle, and injection
scheme. Results demonstrated that the gas injection process was

In the experiments (done as part of thesis wbikyyas capab!g of.recovering a substantial quantity of attic oil and that
determined that attic oil recovery, upstructure oil recovery by 9aS utilization factors were favorable.
down-structure gas injection, is a feasible and economical
process. Three types of experimental models were used: a Reference
micromodel, a prototype sandpack, and alarge-scale sandpack.
The micromodel glass apparatus was used to visually observe. aA. b. Manne Attic Oil Recovery by Gas InjectioMaster's Thesis,
the gas migration process. The prototype sandpack was used Louisiana State University, Baton Rouge, La., 1994.

TORIS Predictive Modeling

Critical Process Parameter Laboratory
Experiments

ation of earlier contract numbers DE-FG19-88BC14233, DE-
FG22-89BC14483, and DE-FG22-92BC14853.The Oklahoma
Geological Survey (OGS), working with Geological Informa-

tion Systems (GIS) at the University of Oklahoma (OU) Sarkeys
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NATURAL RESOURCES INFORMATION
SYSTEM FOR THE STATE OF

OKLAHOMA
Contract No. DE-FG22-94BC14853

Oklahoma Geological Survey
University of Oklahoma
Norman, OkKla.

Contract Date: Sept. 19, 1994
Anticipated Completion: Sept. 18, 1995
Government Award: $300,000

(Current year)

Principal Investigators:
Charles J. Mankin
Mary K. Banken

Project Manager:
R. Michael Ray
Bartlesville Project Office

Reporting Period: Oct. 1-Dec. 31, 1994

Objective

Energy Center, has undertaken the construction of this informa-
tion systemin response to the need for a computerized, centrally
located library containing accurate, detailed information on the
state’s natural resources. Particular emphasis during this phase
of NRIS development is placed on oil and gas data for Osage
County, whichis under the authority of the Osage Tribal Council
(OTC).

Summary of Technical Progress

The NRIS Well History File contains historical and recent
completion records for oil and gas wells reported to the Okla-
homa Corporation Commission (OCC) on Form 1002-A and
reported to the OTC on the Osage County completion form. At
the start of this quarter, the Well History File contained 378,243
records, providing geographical coverage for all of Oklahoma
except the eastern portion of Osage County. Data elements on
this file include American Petroleum Institute (API) well num-
ber, lease name and well number, location information, eleva-
tions, dates of significant activities for the well, and formation
items (e.g., formation names, completion and test data, depths,
and perforations). In addition to the standard Well History File
processing, special projects are undertaken to add supplemental
data to the file from well logs, scout tickets, and core and sample

The objective of this research program is to continue devel-documentation.
oping, editing, maintaining, using, and making publicly avail-  Processing of OCC'’s oil and gas well completion reports
able the Oil and Gas Well History File portion of the Natural (Form 1002-A and the Osage County form) is proceeding
Resources Information System (NRIS) for the state of Okla- smoothly. Well records are being photocopied, prescanned,
homa. This contract funds the development work as a continukeyed, and edited for Osage County and for all new (or
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previously missing) records obtained from the OCC. Ap- missing. Special efforts are under way to identify these areas
proximately 4500 well records were keyed and added to theand obtain data on the missing wells (for example, the Lease
file this quarter; about 3000 more records were keyed but haveFile/Well File matching efforts continue as a means of iden-
not been added to the file because processing was suspendetlying areas with missing 1002-A forms). Identified wells
to prepare for the January data release. Thus, as of Decembgtiat are not on the Well History File are sent to Sooner Well
1994, the database contained 382,807 records. The Wellog Service, and any missing 1002-A forms available through
History File progress by NRIS Regional Division in is shown their collection are obtained and added to the File.

in Table 1. The current record counts by county are displayed Efforts to standardize the formation names on the Well
in Fig. 1. History File are continuing. A personal computer (PC)-based
program being used has a conversion table to standardize
spellings and allows the user to build interactively new entries

TABLE 1 . . L.
for the conversion table as new spelling variations are encoun-
Well History File Progress by Regional Division tered. More than 95% of the reported names in the state have
been standardized through these efforts. This formations-
Start of _ editing process is further enhanced by the addition of a table
Area of coverage contract Current  Netincrease to determine the standard Franklinized abbreviation for each
Southeast region 67,883 68,127 244 reported name following the convention with which industry
Southwest region 72,955 73,284 329 users are familiar.
Northeast region 140,766 144,339 3573 One goal of the NRIS system involves efforts to assign
Northwest region 34,103 34,365 262 leases and wells to fields on the basis of the official field
North-central region 62,536 62,692 156 outlines as designated by the Midcontinent Oil and Gas
Total 378,243 382,807 4,564 Association’s Oklahoma Nomenclature Committee (ONC).

Some areas exist in which significant field extension drilling
has taken place, but the ONC has had insufficient resources to
Ngggggst Nogg"ggg‘ra' '\H}J"ggg‘ update the field boundaries accordingly. Information pack-
ages are produced from the NRIS system for selected areas to
assist the ONC in updating their field outlines. These pack-
afl ages include well data listings and well spot maps. On the
6926 | 757 basis of this input, the ONC began by updating several gas-
field boundaries; emphasis has now shifted to oil-field bound-
aries as work proceeds on a separate U.S. Department of
Energy (DOE) project involving the identification and evalu-
ation of Oklahoma'’s fluvial-dominated deltaic reservoirs.
Overall, unassigned gas production comprises 9% of the
Southwest annual average production, and unassigned oil production
73,284 Southeast Comprises 15%.
68,127 . L . .
Significant efforts were undertaken during this quarter to
Fig. 1 Status of well history database project as of Dec. 31, 1994. Total  prepare for the January 1995 data release because this would
well records, 382,807. be the first release of nearly 100 new data elements for the
1002-A forms and the Osage County records. New release

o ) _ formats were designed, and new format programs were writ-
Both general and specialized edit procedures were continten to accommodate these changes.

ued on the well data. Search strategies are used to research
well records with incorrect location data and well records that pplic Data Release
should be cross-referenced. Oklahoma Tax Commission lease
numbers are being assigned to well records through a com- Since early 1991 efforts have been made to disseminate
bined machine and manual matching process between th&lRIS information through meetings, workshops, OGS annual
Lease and Well Files. Field names and codes are also added teports, and mass mailings to numerous individuals, compa-
well records based on a matching process that matches fieldies, and organizations. As a result, a dramatic response to the
location data. During this quarter new edit routines were release of NRIS data began during the summer of 1991 and has
implemented for the new data elements that were added focontinued. Feedback from the public reflects an enthusiasm
Osage County records and for new directional drilling data onabout this new resource for the oil and gas industry in Okla-
the 1002-A forms. homa. Data and analyses have been provided that would not
Although the geographical coverage for most of Oklahoma have been feasible before construction of the NRIS system.
is considered complete, it is also recognized that across the Two commercial firms subscribe to the Well History File,
state there are areas from which well completion reports areand several inquiries are received each quarter from small

1272 5126 6816 2813 2528 | p479| 3407

2365 7967
5596
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companies and independents who typically acquire NRIS sub-imulti-user access to the databases. A large digitizer, large
sets for particular project areas. NRIS well data have been madplotter, and desktop scanning equipment enhance the capa-
available through the Oklahoma City Geological Society Li- bilities available through GeoGraphix and Radian CPS/PC
brary with very positive results. The high level of interest by contour mapping software as well as through ARC/INFO, a
library members has led to the acquisition of thousands ofGIS spatial analysis tool. Additionally, Platte River Associ-
records by several members each quarter as well as constructivetes has agreed to donate their land-grid and associated
feedback on user-detected data anomalies. The Library is catazultural data for use in the facility.
loging its extensive well-log collection and tying eachlogtothe  The NRIS data are significant in several other in-house
corresponding NRIS well record, which enhances efforts to projects (for example, the computing facility will become the
locate missing well records. central location for NRIS data access and distribution in the
The OGSiis establishing a computing facility to promote user OGS’ forthcoming role as Regional Lead Organization for
access to the NRIS data, initially by OGS staff and eventually bythe Southern Midcontinent under the Petroleum Technology
the public. Visual Basic user interfaces, along with a PC-level Transfer Council program). Another project funded by DOE
relational database management system (Oracle), are being usé@avolving the study of Oklahoma's fluvial-dominated deltaic
to develop menu-driven retrieval systems customized to NRISoil reservoirs also includes technology transfer as an under-
data. A new Novell networgystem is being installed to allow lying goal.
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Objective

The objective of this work is to demonstrate the use of
indigenous microbes as a method of profile control in water-
floods. It is expected that, as the microbial population is
induced to increase, the expanded biomass will selectively
block the more-permeable zones of the reservoir and thereby
force injection water to flow through the less-permeable
zones, which will result in improved sweep efficiency.

This increase in microbial population will be accom-
plished by the injection of a nutrient solution into four injec-
tors. Four other injectors will act as control wells. During
Phase I, two wells will be cored through the zone of interest.
Special core analyses will be performed to arrive at the
optimum nutrient formulation. During Phase Il, nutrient in-
jection will begin, the results will be monitored, and adjust-
ments to the nutrient composition will be made, if necessary.
This phase also will include the drilling of three wells for
postmortem core analysis. Phase Il will focus on technology
transfer of the results. One outcome expected of this new
technology will be a prolongation of economical waterflood-
ing operations (i.e., economical oil recovery should continue
for much longer periods in producing wells subjected to this
selective plugging technique).



Summary of Technical Progress injection skid is complete. The skid was designed for
mixing the dry nutrients into a solution made with field

waterflood water and with the capability of pumping 100

The work for Phase | of the project was divided into seven t0 300 gal/d of solution.

tasks. The first five tasks, The Drilling of Two New Injection ~ The results of laboratory experiments on live cores
Wells for the Acquisition of Cores and Other Data, On-Site Were scaled into field operation. Nutrient solutions were
Handling of Cores, Core Analysis To Determine Microbial prepared and injected into the first test pattern injection
Enhanced Oil Recovery (MEOR) Requirements, Microbial well beginning November 21, 1994, on the basis of a
Analyses of Cores, and Laboratory Waterflooding Test of Live feeding regime established from laboratory data. After
Cores, are complete. The sixth task, Acquisition of Baselinefavorable mechanical performance of the first skid,

Production and Injection Data, is continuing through chemical construction of three additional skids began in December
and microbiological analyses of injection water and production 1994

fluid. The seventh task, Analysis of Baseline Data, has begun  The test injector well is Well 2-14 No. 1. The test
and will continue through the next quarter. pilot producer wells are Wells 2-13 No. 1, 2-15 No. 1,
11-3 No. 1, and 2-11 No. 1. The control injector well
is Well 2-4 No. 1. The control producer wells are Wells 35-

This phase involves initiation of nutrient injection and 13 No. 1, 35-14 No. 1, 3-1 No. 1, 2-3 No. 1, and 2-5
the analysis of results. Construction of the first nutrient No. 1.

Phase I. Planning and Analysis

Phase Il. Implementation
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Objective

The project is designed to increase recoverable petroleum
reservesin the United States. In 1987, Lomax Exploration Co.
started a waterflood in the Monument Butte Unit that targeted
the Green River formation. This was a low-energy, geologi-
cally heterogeneous reservoir that produced a waxy crude oil.
Primary production yielded about 5% of the original oil in
place (OOIP). As a result of the waterflood project, it is
estimated that the total production from the unit will exceed
20% of OOIP.

Summary of Technical Progress

Field Drilling and Production Results

Monument Butte Unit

The Monument Butte Unit No. 7-34 was spudded on Nov.
7, 1994, and put on production Dec. 24, 1994. The No. 7-34
produced 1436 bbl of oil [an average of 179 bbl of oil per day
(BOPD)] and 403 Mcf of gas for the 8 days of production.

As of Dec. 31, 1994, the Monument Butte Unit No. 10-34
(project well), put on production the last quarter of 1992, had
produced 13,164 bbl of oil and 18,106 Mcf of gas, and the
Monument Butte No. 9-34 (project well), drilled and com-
pleted in December 1993, had produced a total of 14,362 bbl
of oil and 10,930 Mcf of gas. As of Dec. 31, 1994, the total
Monument Butte Unit production from the inception of the

The objective of this project is to evaluate the successfulproject (October 1992) had increased from 781,095 bbl of

Monument Butte Unit waterflood and transfer the technology oil to a total of 994,110 bbl of ail, or a 213,015 (27%)
to other parts of the Unitand to the Travis and Boundary Units.increase, and the total gas production had increased from
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2,052,978 Mcf of gas to 2,172,303 Mcf of gas, or a 119,325 A sandstone.Well No. 7-20 contains the thickest accumu-
Mcf (6%) increase. As of Dec. 31, 1994, approximately lation of A; however, the upper- and lower-A sands in No. 7-20
2,910,276 bbl of water had been injected. Approximately do not have equivalent units in adjacent wells. An isopach of A
33,000 bbl of water is being injected on a monthly basis. inthe Boundary Unit reveals an ancient fluvial system. The No.

13-21 well was not drilled deep enough to penetrate the entire
Travis Unit section where A sands were likely to be found.

The Travis Unit No. 5-33 (project well) was spudded on  Lower Douglas Creek (LDC) sandstoneThe only viable
Oct. 25, 1994, and put on production Dec. 12, 1994. The wellLDC sands are in well No. 15-20. Well Nos. 7-20 and 9-20 have

produced 1181 bbl of oil (an average of 62 BOPD) and 14262 siltstone section in the LDC interval. It is believed that the
Mcf of gas in 19 days of production. western half of Section 20, particularly the southwestern half, is
As of Dec. 31, 1994, the cumulative water injection in the Prospect for LDC sandstones.
Travis Unitwas 616,075 bbl; the total Travis Unit production  Castle Peak sandstonesThe upper Castle Peak sandstone
from the inception of the project (October 1992) had in- is present in well Nos. 9-20 and 5-21. Well Nos. 13-21 and 11-
creased from 257,242 bbl of oil to a total of 285,995 bbl of oil, 21 were notdrilled deep enough to verify the presence or absence
or a 28,753 bbl (11%) increase; and the total gas productiorof this reservoir. In well No. 5-21, this sand is present as two beds
had increased from 1,195,570 Mcf of gas to 1,339,305 Mcf of with net sands of 2 ft (upper) and 8 ft. In well No. 9-20, the sand
gas, ora 143,735 Mcf (12%) increase. Approximately 10,000 has three components; 5 ft (upper), 8 ft, and 6 ft net. The beds are
bbl of water is being injected on a monthly basis. at the same stratigraphic horizon in both wells.

Boundary Unit Reservoir Analysis: Near-Wellbore

, ] Effects—Wax Precipitation Models
The Boundary Unit No.12-21 (project well) was spudded

on Nov. 11, 1994, and put on production in January 1995. Wellbore heat-transfer calculations indicated a strong

Approval to drill and case three additional development wells Possibility of wax precipitation in the near-wellbore region.

in the Boundary Unit to validate the geologic extent of the Therefore wax precipitation models that would predict onset

Green River formation sands has not been received; howeveQf precipitation were explored. Weingarten and Euchner

the first well is planned for March 1995. developed a simple solubility model to calculate the solubil-
The regional maps show that the Duchense fault zoneity of paraffin component in liquid oil:

passes through the Boundary Unit; thus it can be inferred that

a strong east-west fracture trend will be present in all the INX. = —oH o1 10 )

sandstone units. Work on these fractures suggests that they Pe R B'l_' T E

will develop in the sandstone but will not pass through the With this simol . he solubility of th ff
bounding shale beds. Thus, unless an offset in stratlgraph)]é itht |i5|m|perepresentatlon the solu ”l;yo tl elparzl mh
indicating a fault is documented, these fractures will not ractionin the il atany given temperature can be calculated wit

result in vertical permeability between overlying and under- the use of tthel fhtehat of Tugl_?n ar;dtrt]hefmelfung _p0|r)|'[ ofthe gsetlﬁdo'
lying sandstone beds. These fractures will create an east-wesrmponent. It the solubility of the fraction in oil exceeds the
fracture permeability. Hydrofracturing may enhance this initial eoneentranenofthe parafﬂn componenyn ell,then allthe
east-west permeability and could result in short-circuiting. paraffin will remain in solution. Paraffin precipitation will occur

The induced fracture envelope will probably be ellipsoidal when _the S(.)IUbiliW is lower than the initial concentration of
with the major axis oriented east-west paraffin in oil. Weingarten and Euchheixtended the concept

to the prediction of wax appearance points of live oils at high
D sandstone. The greatest thickness of D sandstone is pressures. Ring and Wattenbafgadopted the concept in

located in the No. 7-20 well. The upper unitBontains simulating oil production from paraffinic reservoirs susceptible

about 23 ft of gross sand, but it has no apparent continuityto paraffin precipitation. This approach does not consider de-

with sands in nearby wells. From work in the Monument tailed oil composition data.

Butte Unit, the @ sand is interpreted as a deltaic deposit. It ~ Won3*> developed a series of models for predicting solid—

is likely that a better quality {¥eservoir will be presentinthe  liquid and solid—liquid—vapor equilibria through a framework

northwest quarter of Section 20. that used detailed oil compositions in solid-liquid equilibria
In contrast, the Bzone has a fluvial origin. In the Bound- predictions. Rigorous expression for the solid—liquid K-values,

ary Unit wells, the @D zone has two separate sands separatedK;g, , was shown to be

by shales of variable thickness, I3 a channel-sand system

oriented north to northwest. Permeability anisotropy result- L FAH,

ing from depositional processes may be oriented parallel toK;q = =3 - y—'s exp IT+— %l T %
these trends. Xi i ERT T
C sandstone.C sandstone is present in wells No. 7-20 and
No. 11-21. Exploration in the eastern portion of Section 11- + AC, _E +1n @ J’ = dp 2)
21 may discover additional C reservoirs. R
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Won neglected the last two terms within the exponential. In
his earlier paper, Wérassumed the ratio of activity coeffi-

Heat of vaporization at 28, used for the calculation of
the solubility parameters, is determined with the following

cients,y- /y; to be equal to 1.0, whereas in a later paper on expressiofi

solid—liquid—vapor equilibridhe calculated the ratio with the
regular solution theory. Pure-component solubility param-
eters were required with this approach for solid—liquid equi-
libria calculations. Later, Wénused a more sophisticated
irregular solution theory for the calculation of activity coeffi-
cients. Hansen et &lcontended that the wax appearance
points calculated by Won’s models for about 17 crude oils

were considerably higher than the experimental values, and
they proposed an alternate model for the calculation of activ-
ity coefficients. The model appeared to perform better than

Won’s model, even though activity coefficients predicted by
the model were of the order of 10 Pedersen et &lcon-

cluded that Hansen’s model did not provide a phenomenologi-

cal advantage over Won’'s models and proceeded to use Won
model with modified expressions for heats of fusion, solubil-
ity parameters, and th&c, term in the K-value expression.
Wort* proposed the following expressions for solubility pa-
rameters with the regular solution theory:

H, -RT{"?
6w:§547——§ e
L
_[H, +AH, —RT{?
Ois = v 4

1,S

Wortt listed the values of solubility parameters that were

obtained but did not discuss computation of heats of vaporiza

tion. The following methodology can be used for the calcula-
tion of heat of vaporization. Heat of vaporization at normal
boiling is given by Reid et &l.

[8.978T,, —3.95y +1.555Ink]

Ay =RTcTo o 107-T, g

)

aH, = oty e ©)
Hi-T, A
where n is given by
— AH vb ﬂo
n= %.00264 RT §+ 08794 )

The boiling point T is calculated with standard correlations.

The heats of vaporization for normal paraffins calculated
by the above-mentioned approach were verified with experi-
gnental value8.The solubility parameters calculated with the
method described are different from those listed by4/fmm
components up to& Pedersen et ddeveloped independent
correlations for solubility parameters. They also modified the
expression for heat of fusion used by Won to reflect the
presence of nonparaffins in the oil and considered the effect of
heat capacity differences in the solid and liquid phases. This
modified Won'’s method has been the most successful model
for the prediction of wax appearance points and wax amounts
for 17 North Sea crude oils. The wax appearance points for
Hansen'’s oil numbers 1 and 2 and for a paraffinic crude from
Green River formation, Utah, were calculated by

1. Assuming the activity coefficients were equal to 1.

2. Using the solubility parameters listed by Won.

3. Using the solubility parameters obtained via correla-
tions presented herein.

4. Using the solubility parameters listed by Pederser’et al.

5. Using the solubility parameters listed by Pedersen etal.,
and modifying the expression for heat of fusion, also proposed
by Pedersen et al.

Results of these calculations are shown in Table 1.
Wax appearance points calculated by neglecting the effect
of activity coefficients and by using the solubility parameters

TABLE1

Comparison of Wax Appear ance Points (K)
Calculated by Different Methods

Qil* Method 1 Method2 Method3 Method4 Experimentalt
Oil 1 339 340 349 326 304
Oil 2 332 333 339 321 312
Qil 10 316 317 328 301 314
Oil 12 324 325 333 311 305
Utah ail 349 350 - 340 322

*Qils 1, 2, 10, and 12 are North Sea crudes. Compositional data on these oils have
been provided by Hansen etfdlitah oil is from the Green River formation in the
Monument Butte field.

TExperimental values for the North Sea crudes were reported by Pedersen
etal’
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listed by Wort are almost identical. When solubility param- Nomenclature
eters determined by established correlations are used, the
predictions are worse. A simple adjustment of solubility
parameters does not improve the predictions significantly.
The adjustment of heats of fusion brings the predicted values References
closerto experimental values, butthere is considerable devia-
tion between experimental and calculated wax appearances. ;. s. weingarten and J. A. Euchner, Methods for Predicting Wax
points even after further modifications proposed by Pedersen  Precipitation and DepositioSPE Product. Eng3(1): 121-126 (Feb-
et al” are made. ruary 1988). o _ N
A brief review of solid—liquid equilibria calculations for ~ 2= J-N- Ringand R. A. Wattenbarg8imulation of Paraffin Deposition
. A . in Reservoirspaper SPE 24069 presented at the Western Regional
the pred'Ct'On of wax precipitation and calculations per- Meeting of the Society of Petroleum Engineers, Bakersfield, Calif.,
formed as part of this study underscores the fact that tuning  march 30-April 1, 1992.
models to predict wax appearance points or wax amounts 3. K.W.WonContinuous Thermodynamics for Solid—Liquid Equilibria:
may not yield adequate models. If phase compositions are Wax Formationfrom He_avy Hydr_ocarbon Mixturpaper presented at
considered, model predictions will improve. In this regard, the AIChE National Spring Meeting, Houston, Tex., March 1985. -
", . . K. W. Won, Thermodynamics for Solid Solution—Liquid—Vapor Equi-
data on phase compositions are necessary, partICUIarly for libria: Wax Phase Formation from Heavy Hydrocarbon Mixturksd
oils that contain substantial fractions of heavy components. Phase Equilibria30: 265-279 (1986).
The calculations shown in Table 1 indicate that, even after a 5. K. W.Won, Thermodynamic Calculation of Cloud Point Temperatures
10 to 30 K adjustment (for the presence of gas, pressure, etc.) ~ and WaxPhase Compositions of Refined Hydrocarbon MixtEheis),
at temperatures predicted by the wellbore model, paraffin _ Phase Equilibria53: 377-396 (1989).

L . L . .. he G J. H. Hansen, A. Fredenslund, K. S. Pedersen, and H. P. Ronningsen, A
precipitation Is certain in reservoirs containing the Green Thermodynamic Model for Predicting Wax Formation in Crude Oils,

River crude. A..Ch.E.J.34(12): 1937-1942 (1988).
7. K.S.Pedersen, P. Skovborg, and H. P. Ronningsen, Wax Precipitation
Tech nology Transfer from North Sea Crude Oils. 4. Thermodynamic ModelErggrgy and

Fuels,5: 924-932 (1991).

J. D. Lomax and M. D. Deo made presentations for the 8 R.C.Reid, J. M. Prausnitz, and B. E. Polifige Properties of Gases

: . . and Liquids4th ed., McGraw-Hill, Inc., New York, 1987.
National Research Council Panel that reviewed the U.S. 9. R. H. Perry and C. H. ChiltoGhemical Engineers' Handbookifth

Department of Energy’s reservoir class projects. ed., pp. 3-118, McGraw-Hill Book Company, Inc., New York, 1973.

K,q =solid—liquid equilibrium coefficient, dimensionless
R = universal gas constant, Jmol -K
s, = molefraction of component i in solid phase,
dimensionless
T, = temperature at normal boiling point, dimensionless
T, = reduced temperature at normal boiling pant,

dimensionless
T, = critical temperature, K IMPROVED RECOVERY DEMONSTRATION
T; = fusion temperature, K FOR WILLISTON BASIN CARBONATES
X; = mole fraction of component i in liquid phase,

dimensionless Contract No. DE-FC22-94BC14984

X, = solubility of solid paraffin (that can be dissolved) in
oil, dimensionless

Ac,, = heat capacity change of fusion, cal/mol-K

Luff Exploration Company
Denver, Colo.

AH; = latent heat of fusion, cal/mol Contract Date: June 10, 1994
AH, = latent heat of vaporization, cal/mol Anticipated Completion: June 9, 1997
AH, = latent heat of vaporization at normal boiling Government Award: $483,284
AV = volume change on fusion, cm? o _
3, = solubility parameter of component i inliquid phase, Principal Investigator:
(callcm3)os Larry A. Carrell
0,5 = solubility parameter of component i in solid phase, Project Manager:
(cal/cme)os Chandra Nautiyal
Y+ = activity coefficient of component i in liquid phase, Bartlesville Project Office
dimensionless
yS = activity coefficient of component i in solid phase, Reporting Period: Oct. 1-Dec. 31, 1994
dimensionless
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Objectives package to generate synthetic records for surface P-wave, in-
line S-wave, and cross-line S-wave sources as well as P-wave
The objectives of this project are to demonstrate targetedsources buried at depths of 98 and 200 ft. Western Geophysi-
infill and extension drilling opportunities, better determina- cal is unable to provide a written report because of the
tions of oil in place, methods for improved completion effi- proprietary license agreement for the modeling/synthetic
ciency, and the suitability of waterflooding in certain shallow- software package.
shelf carbonate reservoirs in the Williston Basin in Montana, = The S-source synthetic models did not indicate useful P-
North Dakota, and South Dakota. wave conversion and had significant levels of surface noise.
The surface P-wave source did not give viable S-wave data.
Both buried P-source synthetics showed good in-line S-wave
conversion. The deeper-source synthetic model exhibited
significantly less surface-wave noise, primarily because the
source was below the uppermost layer.

Three-Component Seismic Evaluation and Acquisition As a result of the modeling effort, Western Geophysical

o ) ) ) recommended that the test line be acquired with a buried
Original plans in the North Sioux Pass (Ratcliffe) T. 26 N., explosive source at more than 110 ft with an 88-ft group

R.57-58 E., Richland County, Montana, study area includedinterya|, potted or bunched phones laid outin line, and a record
possible acquisition of a dipole sonic log or a multioffset length of 4 s. A 3-mile line has been designed to cross the
vertical seismic profile (VSP) to test viability and parameter ~atqils field area at approximately*45 postulated fracture
design for shear-wave acquisition in the area. Cost proposalgrengs and should optimize assessment of converted shear-

from Schlumberger and Halliburton for a VSP ranged from \yaye recording for the area. On the basis of significant source-
$95,000 to $100,000 and do not include the electric wireline generated noise from modeling, a decision was made to not

truck and well preparation. Cost for adipole log was estimated,se the shear-vibrator sources for the test line. In addition,
at $28,000 by Halliburton and does not include well prepara-yerha| communication with ARCO research personnel indi-

tions for pulling and rerunning tubing and rods. Although a ¢4e that excellent converted-wave data were obtained in a
VSP and dipole sonic log could provide very valuable data for gjmijar nearby setting in North Dakota.

design of a three-component program, the costs are high and

the availability of suitable wells is a problem. A decision was Three-Mile Test Line
made to shoot and record a test line on the basis of parameters
from synthetic modeling. The test line would provide direct
field tests of surface-to-surface three-component data over

Summary of Technical Progress

Reservoir Analysis and Characterization

A 3-mile 2-D test line for shear-wave acquisition is sched-
uled for the Ratcliffe study areain Richland County, Montana,
: i : ) 3 March 1995. Bids for this acquisition are being evaluated.
productive Ratcliffe area with postulated fracturing. Cost The evaluation of shear-wave recording and detection with a
estimates for a 3-mile two-dimensional (2-D) test Iine are in dipole log or VSP survey is not viable both for economic
the range of $40,000, about equal to the total cost estimated foFeasons and availability of suitable wellbores. The cost of a
acquiring a dipole log and one-third the cost of a single-well VSP survey was found to exceed the shooting of a 2-D three-
VSP survey. component test line. A test line has been selected to cross a
Ratcliffe field within the field-activity outline. The Cattails
field (T. 25-26 N., R. 58-59 E., Richland County, Montana)

In preparation for the design and acquisition of three- is oil-productive from the Ratcliffe without structural closure
component seismic data to evaluate fracture trend detectioninfFig. 1). The test line will evaluate fracturing across an
the Richland County, Montana, study area, some detailedexcellent Ratcliffe field analogy for the study area. The 2-D
modeling was undertaken. The purposes of the modeling werehree-component test line (Figs. 1 and 2) will be used to
to determine the viability of using a shear source, to evaluatedetermine if shear data can be recorded and whether shear data
recording converted shear waves generated from a P-wavgindicating fracturing) correlate to producing areas in the
source, and to develop appropriate acquisition parameters. Ratcliffe.

A detailed velocity model was constructed for the pro- )
posed three-component test site. Up-hole times and refractop€ISMIC Inteérpretation, Bowman County,
velocities derived from proximal conventional 2-D seismic North Dakota
data provided near-surface velocities for the first three model The interpretation of 1970s-vintage 2-D seismic data has
layers. The remaining 145 layers, which extended from peen enhanced by the reprocessing of data sets across Red
1500 ft to 12,760 ft, were derived from blocked sonic and Rjver producing areas at SW Amor, Stateline, Cold Turkey
density log data from the Superior Oil No. 2A Vanderhoof Creek, and Grand River School (Fig. 3). Reprocessing meth-
wellinsec. 13, T. 25 N., R. 58 E., Richland County, Montana ods include the application of refraction statics and radon
(Fig. 1). Shear-wave velocities were calculated for the upperstacking, which provide significant noise reduction. Result-
layers and were based on a carbonate relationship for deepéng sections provide good resolution and higher frequency,
layers. Western Geophysical used a proprietary modelingwhich allow detailed interpretation of subtle faulting.

Three-Component Seismic Modeling
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Fig. 1 Location of 2-D, three-component test line and Vanderhoof No. 2A well. The test line will cross the Cattails (Ratcliffe) field and
evaluate postulated fracture trends. Well logs from the Vanderhoof No. 2A well were used to develop an earth model for shear wave
analysis. (Art reproduced from best available copy.)

Figures 4 and 5 depict examples from east-west seismic linds not detectable by Duperow time. Major faulting in the SW
CA9-4 crossing the center of the SW Amor area. Figure 4 showsAmor area consists of a single down-to-the-northeast fault
the original data as processed in 1972. These dynamite data weteending north-northwest to south-southeast (Fig. 3). Maximum
acquired at 440-ft group intervals and are sixfold. The original throw at the Winnipeg is 45 to 50 ft. The fault dips at approxi-
processing was performed on 4-ms resampled data and waately 45. Several smaller faults in the area approximately
standard technology for that era. The reprocessed data shown jparallel this main fault, which bounds the SW Amor feature on
Fig. 5 exhibit frequencies of 65 Hz at Red River time comparedthe northeastern flank.
with approximately 40 Hz from the original processing. Seismic ~ Faulting at the Grand River School area (Fig. 3) trends west-
cross sections are displayed at the same scale for comparisomorthwest to east-southeast with vertical offsets similar to those
Reprocessed 2-D seismic data from four areas indicate smallound in the Cold Turkey Creek area of 40 to
faults with 40 to 50 ft of vertical offset at Ordovician Winnipeg 50 ft at Winnipeg time. There is no displacement at Duperow
time (about 300 ft below the Red River). Throw dies upward andtime shown on the 2-D cross section for kh&6-7 (Fig. 6).
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Fig. 2 Topographical map of the 2-D three-component test line area (Dore and Fairview, NW quadrangles). The location of the test line will be along
county road right-of-way. (Art reproduced from best available copy.)

These faults bound a series of small horst and grabemt approximately 30 which suggests a component of
blocks in the Grand River area. The faults turn northwesthorizontal stress at the time of faulting.

to southeast in direction as they extend west across the . .
Cold Turkey Creek area. The faulting at Cold Turkey Geophysical Interpretation—SW Amor,

Creek is typified by 2-D line CTC-27 and is shown in Fig. Bowman County, North Dakota

7. Minor small-displacement faults parallel the major  The new seismic line LECDOE 94-1 is about 2.6 miles in
trend. The major down-to-the-northeast fault in the Cold length and covers portions of secs. 29, 30,and 31in T. 130 N.,
Turkey Creek and Grand River School areas appears to digR. 103 W. and portions of sec. 36 in T. 130 N., R. 104 W.
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Fig. 4 2-D seismic section CA9-4 from the SW Amor area, Bowman County, North Dakota, before modern processing.

Primary objectives of the line were to provide additional Amor Red River reservoir. Other faulting is minor and does
control to the SW, sec. 30 and NW, sec. 31, T. 130 N.,  not correlate between seismic lines; however, itis evident that
R. 103 W. and to provide sharper imaging of faulting. The there is a grain of potential Red River faulting that is parallel
recording parameters were 10 Ib of dynamite at 60 ft, 110-ftto the east-side fault and north-south structural axis.
group intervals [55-ft common depth point (CDP) intervals]  Time structure and isochron maps of 12 horizons from
and produced 20-fold coverage and usable frequency at th&reenhorn to Winnipeg time were evaluated, and it was
Red River of about 70 Hz. Previously recorded data hadconcluded that the Interlake—Winnipeg isochron map corre-
parameters of 25 Ib of dynamite at 110 ft, 440-group intervalslates best with log, drill stem testing, and production data.
(220-ft CDP intervals) and produced sixfold coverage and Time-structure maps at all horizons fail to demonstrate clo-
usable frequency at the Red River of about 45 Hz. sure. Time-structure and isochron maps of Winnipeg, Red

The new data do not appreciably change previous interpre-River, and Interlake horizons indicate a separate growth
tations of the reservoir or reservoir limits. Faulting is observed history of the north area (Nygaard No. 2-31 and No. 44-30
at Winnipeg time at trace locations 56 and 110 on line wells) from the south area (Nygaard No. 1-5, No. 2-31, and
LECDOE 94-1. These normal faults may cut the Red River butNo. 2-32 wells). This suggests the potential for reservoir
die out by Interlake time and have displacements of 9 and 3 msegregation between these areas.
at the Winnipeg for traces 56 and 110, respectively. The fault . .
at trace 56 can be correlated to faulting observed on the Othe'll'hree-D|men5|onaI Survey

. . ; : ._at Cold Turkey Creek

east-west lines covering the reservoir area. Maximum dis-
placement of this faultis 11 ms (about 55 ft) at Winnipeg time  Screening has been completed and a final area selected for
at trace location 50 on line CA9-4. This fault can be confi- the first Bowman—Harding area three-dimensional (3-D)
dently used to define the east-side reservoir limits of the SWseismic survey. The Cold Turkey Creek (Red River) area
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Fig. 5 2-D seismic section CA9-4 after modern processing. The higher frequency content shows greater detail, which allows subtle fault interpretation.
The fault is down to northeast trending north-northwest. The maximum throw is 45 to 50 ft at Winnipeg time.

20

ARA

(T. 130 N., R. 102 W., Bowman County, North Dakota) was County, North Dakota, during 1994. These surveys were
selected. A receiver area of 4.35 square miles (Fig. 8) wasecorded with the use of Vibroseis sources with 165 by 165 ft
determined to optimize project objectives at minimal cost. (or greater) bin sizes. These surveys have been used for basic
Bids were obtained, and Reliable Exploration Inc. was se-structural interpretation in exploration plays. No drilling has
lected as the acquisition contractor on the basis of technicalet resulted from these surveys. The design selected for the
capability, experience in the area, availability, and cost. TheCold Turkey Creek will use a finer bin size for greater
contractor is currently permitting and anticipates recording subsurface resolution and dynamite sources to obtain higher
the survey by March 1, 1995, if there are no weather delaysfrequency than possible with Vibroseis by 15 to 20 Hz. The
Final staggered-brick acquisition design includes 378 10-Ib higher frequency and finer bin design will offer greater
dynamite charges buried at 60 ft in a 1760-ft source patternstratigraphic interpretation of the Red River interval.
perpendicular to receiver-line spacing. A total of 720 receiv- . .
ers will be deployed in eight parallel lines of 60 channels eaChPetrographlcaI Studies
with 880-ft line spacing. The recording patch willinclude 480  Petrographical studies of the Red River and Ratcliffe forma-
live geophone groups. Subsurface bin size will be 110 bytions have begun. Approximately 10 cores from the upper and
110 ft. Atleast 64% of the survey area (2.78 square miles) willlower Red River intervals will be selected for detailed analysis
have a minimum of 12-fold. and descriptions. Approximately four cores from the Ratcliffe
Atotal of three 3-D seismic surveys have been recorded bystudy area will be analyzed. The analyses will include photo
various companies not involved in this project in Bowman record of slabbed core on slides and video; thin-section analysis
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Fig. 6 Reprocessed 2-D seismic section HA6-7 from the Grand River School area with fault interpretation. The shallow fault angle at Grand River
School and Cold Turkey Creek suggests a component of horizontal stress at the time of faulting.

v

with photographic record; correlation of rock type and descrip- Recovery Technology Evaluations

tion with conventional porosity, permeability, and fluid satura- _ o )

tion records; correlation of rock type with electric log evaluation; ~ Horizontal jetting-lance operations were attempted unsuc-
depositional and digenetic processes; and porosity—permeabilcessfully in the Luff Travers No. 1-6 well (sec. 6, T. 22 N.,
ity development relating to sediment material, water depth, postR- 3 E., Harding County, South Dakota) during December 1994.

depositional alteration, or fracturing. Two attempts to drill horizontal holes were made during the
period Dec. 5-10, 1994. On the last attempt, the casing was

Producibility Problem Characterization penetrated and 2 ft were drilled into the formation before

and Analysis pressure was lost through the lance. Attempts to retract and

release the drilling tool were unsuccessful. From Dec. 12 to Dec.

Extended-time pressure buildup tests were performed at twa20, 1994, fishing operations were conducted. The Red River
wells. One is a Ratcliffe completion in the Richland County Upper and Middle zones are still accessible in the wellbore for
study area and the other is a Red River completion in thefuture attempts.
Bowman—Harding study area. These pressure buildup datawere The effort to use the 50-ft horizontal jetting-lance tool as
acquired by acoustic surface-recording equipment. The pressurdesigned shows that the tool is in a developmental stage and not
data are being evaluated and will be used as baseline data fgret implementable. Because of this conclusion, Luff Explora-
comparison after reworking the completed intervals with the tion Co. management decided not to bill for charges related to
jetting-lance technology. this work. During the next several months,
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Fig. 7 Reprocessed 2-D seismic section CTC-27 from Cold Turkey Creek showing fault interpretation. The faultis down to northeast at 30 degrees from
vertical. Maximum displacement is 40 to 50 ft at Winnipeg time.

improvements in the design of the 50-ft tool will be tested in toward possible unitization in a waterflood project or injection
a less-expensive environment. If this leads to the conclusiorpilot. Further meetings will be held after jetting-lance comple-
that the tool is beyond the developmental stage, the 50-fttions in the Red River are successfully performed with a water
jetting-lance tool will be returned to the Luff Travers well. injectivity test.

As an alternative to the 50-ft jetting-lance tool, another
service company has been contacted to perform jetting operaEnvironmental Compliance
tions with a tool that has an extension of 10 ft. This tool design o o S
has been successfully used at depths necessary for project The seismic acquisition activities in Richland County,
activities. Cost and procedures are being prepared for fouMontana, and Bowman County, North Dakota, are in

wells within project field-activity areas. nonsensitive areas. The 2-D three-component test line in
Richland County, Montana, is shown in Fig. 7. The 2-D line
Activities Required for Project Continuation will be located in the road right-of-way shown on the Dore and

Fairview, NW quadrangles. The 3-D seismic acquisition at

A meeting was held in December 1994 with working Cold Turkey Creek is shown in Fig. 8. This figure shows a

interest owners of the SW Amor (Red River) field (T. 129-130 3-D area overlain on the Bowman, SW quadrangle. The

N., R. 103 W.), Bowman County, North Dakota, to review topographical and associated floodplain maps relevant to
geological, geophysical, and engineering interpretationsthese seismic activities have been submitted.
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Fig. 8 Topographical map of the Cold Turkey Creek 3-D seismic area (Bowman, SW quadrangle). The 3-D survey is located on agricultural
land used for cattle grazing and wheat.
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VISUAL DISPLAY OF RESERVOIR
PARAMETERS AFFECTING ENHANCED
OIL RECOVERY

Contract No. DE-AC22-93BC14892

Michigan Technological University
Houghton, Mich.

Contract Date: Sept. 29, 1993
Anticipated Completion: Sept. 30, 1996
Government Award: $272,827

Principal Investigator:
James R. Wood

Project Manager:
Robert Lemmon
Bartlesville Project Office

Reporting Period: Oct. 1-Dec. 31, 1994

Objectives

Summary of Technical Progress

Spatial Database Manager

Microsoft (MS) Access is being used as the project data-
base manager. Data tables for geochemical, petrographic and
geophysical well logs, well header information, and well
production data are complete. Log data and well header
information for 15 project wells and X-ray-diffraction (XRD)
and Fourier transform infrared spectroscopy (FTIR) data
traces for about 30 samples have been stored in the database.
Data reporting forms and graphing macros are being pre-
pared. Individual databases established in Excel, Lotus, and
QuattroPro spreadsheets were uploaded to the Access data-
base.

Data Collection

Digitization of the more than 45 wells that will be used to
construct maps and 3-D visualizations of the Miocene reservoirs
on Pioneer Anticline is complete. All the well logs that will be
used in this project are digitized, corrected, plotted on uniform
scales, and hung on the same datum. Preliminary correlations
have been made, and a network for structural and stratigraphic
cross sections has been laid out through the study area. Five cross

sections are under construction with more to follow.

The QuattroPro spreadsheet being used to document, dis-
lay, and inventory the log data set was expanded to include all
42 wells for which data or well files have been obtained. More
than 45 wells that have the best log coverage or are in the most
critical locations will be used in the main study, which will be
confined to a 12-sectionareain T. 11 N., R. 22 E. Although the
main study area will be confined to the eastern end (nose) of the
Pioneer Anticline, these additional wells will be available to
rovide regional perspective.

The principal objective of this project is to provide the
operators of small- to medium-sized oil fields with the tools
necessary to undertake an enhanced oil recovery (EORg
reservoir characterization and evaluation of quality and so-
phistication similar to those performed by large oil compa-
nies. The techniques will be demonstrated in a field trial on
Pioneer Anticline in the southern San Joaquin Valley. The
study will include collection, visualization, and manipulation
of well-log and borehole-sample data. Physical and chemical
property data gathered from laboratory measurements of
conventional core and cuttings will be used to develop algo-
rithms relating geological and engineering parameters to log

responses. Digitized logs calibrated in this fashion will be  pata preparation and log calibration were completed on the
used to characterize the reservoirs in fields on the Pioneeghree wells that have both conventional core and modern log
Anticline. Core, well-log, and production data will be as- syjtes: the McKittrick Front No. 415 and No. 418 wells in
sembled in a commercial personal computer (PC)-based datacymric field and the Tenneco No. 62x-30 well in Pioneer field
base manager. The database manager will be used to providgigs. 1 and 2). Because log calibration is time consuming and
data input to commercial visualization software to produce the McKittrick Front No. 418 well contains over 700 ft of
two-dimensional (2-D) and three-dimensional (3-D) repre- conventional core with thousands of petrophysical analyses,
sentations of reservoir geometry, facies and subfacies stratigthe completion of calibration for these three wells represents
raphy, and distribution of remaining oil in place as well as a significant step forward in project development.

spatial displays of measured and calculated reservoir param- The log core petrophysical calibrations for the three best
eters. These database and visualization tools will be used tevells are essentially complete. Additional refinement of the
evaluate the reservoirs for EOR. In addition, rock alteration calibrations will be performed as the results of XRD, rock
caused by interaction with hot fluids will be modeled quanti- chemistry, and FTIR analyses of core materials become
tatively and used to predict reservoir response to thermalavailable, but for now there is a working calibration equal to
EOR. Many of these tasks are being performed on expensivehat used in most reservoir studies. Analysis and modeling of
computer workstations by major oil companies. A primary the other 45+ wells with log suites, but no core, can now begin.
objective of this projectis to transfer this workstation technol- ~ The FTIR subtask has concentrated on development of
ogy to PCs, where programs can be run for a tenth of the cosanalytical technique and acquisition and utilization of
by small independent operators. standards. Mathematical inversion techniques have been

Data Analysis and Measurement
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Fig. 1 Analyzed results log calibrated to core in the Unocal McKittrick Front No. 418 well, Cymric field. Interval includes the Tulare
formation—Monterey formation contact. Note large increase in porosity across contact and very high porosity in Monterey Opal-A facies
diatomite beneath the contact. This interval represents just a small portion of the 700 ft of core that was calibrated to the log suite in this well.
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developed, and work will shift to analysis of cuttings from the Objective

Pioneer field with emphasis on quantitative mineralogy of the

silica facies in the Monterey formation. Reliable analytical ~ The objective of this project is to provide the operators of

techniques for sample preparation are in hand, and a suite dfhe small-to medium-size oil field with the tools necessary for

mineral standards suitable for analysis of Monterey samples haan enhanced oil recovery (EOR) evaluation of the same

been accumulated. quality and sophistication that only large international oil
Material from the McKittrick Front calibration wellsis being companies have been able to afford to date.

analyzed with the use of scanning electron microscopy (SEM)

petrographic image analysis (PIA). The fine-grained nature of

the Monterey reservoir facies makes the material difficult to

characterize petrographically with standard thin-section micros-

copy. An attempt will be made to control the SEM results

through constraints provided by bulk chemical analyses (stan-  aAlthough project members are located at four sites (Tampa,

Summary of Technical Progress

Project Management

dard wet chemistry) and the FTIR results. Fla.; Houghton, Mich.; Kalamazoo, Mich.; and Los Angeles,
) Calif.), project coordination has been successful. Trips are
Modeling made to work on project tasks with other project members, and

the computer network and server at Michigan Technological
University (MTU) comprise a critical link in the communica-
tions network.

The geochemical modeling program CHILLER will be used
to model fluid—rock interaction. The stable isotope modeling
program ISOTOPIA will model the stable isotopic evolution of
the fluid and the minerals. In preparation for modeling of Reservoir Characterization
steamflooding, the mass transfer and stable isotope modeling

programs have been tested by modeling the interaction of. an  Geologic, geophysical, hydrologic, and engineering tech-
arkosic sandstone assemblage with sea water. The results indiiques are being used to quantify reservoir heterogeneities

cate that both programs produce sound results. and controls on producibility. The Crystal field is the focus of
the characterization effort, but up to 30 other Dundee fields are
Technology Transfer being studied as well. Well and log data sets and production

Development of the multimedia program was switched data sets for all 30 fields are complete.

from Macintosh MacroMind Director to the Windows envi- Well Loa A isiti Digitizati
ronment. The hardware and software necessary for writing to % Aogl cquisition, Ligitization,
CD-ROM are available for use in another department at @nd Analysis

Michigan Technological University. Well data, including drillers’ logs, wireline logs, and

seismic data from the Crystal and other Dundee formation
hydrocarbon fields in the Michigan Basin (Fig. 1), were
acquired. Digitized logs of 342 wells that currently produce or
have produced from the Dundee formation in the seven-
county study area were purchased from Maness Petroleum
Co. Multiple logs exist for each well and include gamma-ray,

RECOVERY OF BYPASSED OIL IN
THE DUNDEE FORMATION USING
HORIZONTAL DRILLING

Contract No. DE-FC22-94BC14983 caliper, lithodensity, neutron-porosity, various types of resis-
tivity, and some sonic logs. The logs total about 3 million
Michigan Technological University linear feet of digitized data. All deep wells in the area are
Houghton, Mich. included in the log suite. The data-gathering phase of the well
log program is complete, and activity has advanced to the
Contract Date: Apr. 28, 1994 construction of maps and cross sections from well data.
Anticipated Completion: Apr. 27, 1997 During this quarter production data were added to the well-
Government Award: $800,000 file database; the data provide the capability for mapping

production as well as geology. Well location maps were
constructed for all 30 fields. Contour maps were constructed
for several fields on the top of the Dundee formation (Fig. 2),
the top of the Dundee formation porosity zone (which is well

Principal Investigator:
James R. Wood

Project Manager:

Chandra Nautiyal below the top of the Dundee and varies in stratigraphic
Bartlesville Project Office position throughout most fields) (Fig. 3), and initial produc-
tion (Fig. 4). Simple computer-generated cross sections were
Reporting Period: Oct. 1-Dec. 31, 1994 constructed for the same fields (Fig. 5). Construction of

contour maps and cross sections for the remaining fields will
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continue. With production data for all the fields in the data- zones can be discerned readily from a suite of geophysical
base, cumulative production maps can be constructed. Interfogs (Fig. 7). These logs can be further enhanced to determine
val isopach maps of top Dundee to top Dundee porosity zonecorrected porosity values in the producing interval. Corrected

will also be constructed. porosity values were calculated for all wells with the use of the
KOBRA:XPLOT algorithm of TerraSciences TerraStation
Winterfield Field software, which is based on Schlumberger cross-plots. Water

o _ _ ) ) ) and oil saturation values were calculated and plotted as a
A Master's thesis is being written on Winterfield field  contour map. Potential areas for further exploration can be
(Fig. 6), which possesses more modern log data than mos§ejineated by comparing leases that appear to be underachiev-
other Dundee formation fields. In addition, several Winterfield s relative to structural position, initial production tests, and
wells penetrate the entire Dundee porosity zone, which allowsye|ative production with surrounding similar wells that pro-
a more thorough evaluation of the reservoir than can be dongjyce from similar lithologies.
elsewhere. The Winterfield study will delineate possible
economic zones of bypassed oil in the Dundee formation bycore Acquisition and Analysis
characterizing the structural, stratigraphic, and lithological
components of the formation with the use of well data, Twenty to thirty cores of the Dundee formation from
petrophysical log data, and production data. throughout the state of Michigan are available. Cuttings
Porous dolomite above the oil-water contact, capped bysamples are also available from 60 to 100 Michigan wells.
either the Bell shale or tight Dundee limestone, is the produc-There are no cores in Crystal field, the site of the field trial. The
ing lithology within the Dundee formation. The producing closest Dundee core is in an output well 8 to 10 miles away
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from Crystal field. Thus a good vertical core through the been designed and permitted. The well will be cored through

Dundee formation in Crystal field is an essential element of the producing interval of the Dundee formation, and the cores

the reservoir characterization study. will be analyzed for porosity, permeability, and fluid satura-
Scanning electron microscope (SEM) analyses of a fewtions. A full set of well logs will be run. These data will be

selected samples were made at Western Michigan Universityincorporated into the existing database for the project area and

(WMU), and Fourier transform infrared (FTIR) radiation used to calibrate the measurement while drilling logs which

spectroscopy analyses have begun at MTU. Techniques fowill be run during the drilling of a horizontal leg and which

performing quantitative analyses of rock samples with FTIR will be drilled as a sidetrack from the vertical test well.

are being developed as part of another Master’s thesis. Hydro-

carbon and produced-water samples from the Crystal field Technology Transfer

have yet to be collected and analyzed.
vey yz A prototype multimedia-based shell using MacroMind

Director was designed and developed as a technology transfer
mechanism. All data and information associated with the
Thirty Dundee formation fields are being studied. Well Projectwill be stored on a hard disk and will be accessible via
data (driller's logs and scout tickets), log data, and productionthe interactive multimedia shell program. At the end of the
data sets for all 30 fields are complete. The data are stored iRroject, all data, graphics, tutorials, manuals, etc., will be

Database Management

TerraSCienceS TerraStation database at WMU. stored on CD-ROM for distribution to the U.S. Department of
Energy and the target audience within the petroleum industry.
Drilling Program The project managers have contracted to present an exhi-

bition booth at the American Association of Petroleum Geolo-

Drilling of the horizontal well at Crystal field was delayed gists (AAPG) annual meeting to be held in Houston, Tex.,

pending completion of an environmental survey (Fig. 8). A March 5-8, 1995. The booth will include a poster display
vertical well at an appropriate location in the project area hasdescribing project goals and progress to date.
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APPLICATION OF RESERVOIR

CHARACTERIZATION AND ADVANCED
TECHNOLOGY TO IMPROVE RECOVERY
AND ECONOMICS IN A LOWER QUALITY
SHALLOW SHELF CARBONATE RESERVOIR

Contract No. DE-FC22-94BC14990

Oxy USA, Inc.
Midland, Tex.

Contract Date: Aug. 3, 1994
Anticipated Completion: June 14, 1996
Government Award: $1,922,000

Principal Investigator:
Archie Taylor

Project Manager:
Chandra Nautiyal
Bartlesville Project Office

Reporting Period: Oct. 1-Dec. 31, 1994
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Objectives

The objective of the project is to show that the use of
advanced technology can improve the economics of carbon
dioxide (CQ) projects in low-permeability reservoirs. The
approach involves the use of tomography and pore throat
measurements to enhance reservoir characterization. Cyclic
CO, stimulations and fracture treatments will be used to
increase and facilitate oil recovery to improve project eco-
nomics. Reservoir description and simulation will be used
along with cyclic C@stimulations and fracture treatments to
arrive at an optimum operating plan to be instituted during the
second budget period. Work in the area of cyclic &tnu-
lation and reservoir characterization took place prior to the
official start date (Aug. 3, 1994) under pre-award approval.

Work accomplished during this quarter included detailed
petrophysical description of cores from the observation wells,
integration of the petrophysical data into a geologic model,
acquisition of the tomography surveys, initial processing of
tomographic data, completion of enhanced interpretation of
three-dimensional (3-D) seismic volume in the U.S. Depart-
ment of Energy (DOE) demonstration area, development of
relationship between seismic attributes and well log param-
eters, and completion of cyclic GGtimulation treatments.



Six tomography surveys are yet to be conducted. Processing Production began on Oct. 21, 1994, on the North pattern,
of the tomographic data has been slow, but it will acceleratewhich consists of source well No. 7916 and receiver wells No.
with upgraded computing power. The initial £@jection 32-6, No. 79-1, No. 32-3, No. 4832, No. 48-24, No. 7914, and
into one of the cyclic wells is incomplete. No. 48-27. Data acquisition was complete by Dec. 1, 1994.
Production on the South pattern was complete by Dec. 18,
1994. The South pattern consists of source well No. 4852 and
receiver wells No. 4841, No. 48-22, No. 48-27, No. 48-9, No.
48-28, No. 4843, and No. 48-8. A tie between the two patterns
was established by sourcing in well No. 48-25 and receiving
Updating Existing Characterization in well No. 48-27 (Fig. 1). The first phase of the survey was
completed Dec. 21, 1994, with a total of 10 tomograms being
The petrophysical analysis on the two observation well acquired; 6 tomograms are yet to be surveyed. The field data
cores is complete. The analysis included thin-section descripquality ranged from good to excellent.
tions on 85 samples, scanning electron microscopy (SEM)  Data processing occurs in two stages. The first stage sorts,
analysis on 60 samples, determination of rock fabric, andpicks, and stacks both the compression and shear wave data.
correlation of rock fabrics to log response. In addition, rock The second stage quality checks the stack and performs
fabrics are being related to depositional environments andinversions to produce the final tomogram for each data set.
sequences. The first stage processing is complete on receiver wells No.
A collaborative analysis of the two observation well cores 32-6, No. 7914, and No. 48-25 in the North pattern. The
to determine depositional environment and sequence stratigsecond stage processing to date has produced a preliminary
raphy was performed. The description and analysis of eighttomogram on well No. 32-6. Once the first tomogram is
additional West Welch Unit (WWU) cores within the DOE processed as final state, the processing sequence will be set to
project area are complete. Fifty-three thin sections taken fromallow the remaining tomograms to be produced more quickly.
the WWU No. 3211 were described and photographed. An o
existing thin-section analysis was available on WWU No. 3-D Seismic Data
4849. The abundance of these section data allowed construc- Seismic inversion processing was undertaken in the WWU
tion of a revised rock fabric classification for the WWU. Rock project areato enhance the Stratigraphic interpretabi“ty ofthe
fabric classes increased from eight to nine. The new systenseismic data for the San Andres pay zones. A post-stack F-X
was used to classify the core analysis from WWU No. 3211. deconvolution was applied to the seismic volume to improve
The revised and expanded petrophysical data are being inpuhe signal-to-noise ratio. A spectral shaping filter was applied
into the geological database. to match the reflectivity of the seismic trace to that found in
well log data. A phase correction of°9@as necessary to
balance the energy between the seismic amplitude series and

The second observation well was drilled and Comp|eted inthe |0g I’efleCtiVity data. Calibration of seismic amplitude to

Summary of Technical Progress

Reservoir Characterization

Observation Wells

October 1994. average sonic reflectivity was completed on a sample-by-
sample basis to calculate velocities. A low-frequency compo-
Tomography Survey nent (less than 8 Hz) was created with the use of the structural

interpretations for seven horizons across the seismic volume
Nine additional wells were deepened and directional sur-with the sonic log data. A 3-D velocity model was derived to
veys run, which brings the total number of wells prepared for combine with the inverted seismic data for the final output file.
tomography acquisition to 15. Only one well, WWU No. 48- A data-driven methodology described by Shultz étZl.
28, remains to be deepened and surveyed. Seven of the wellsas been developed to integrate seismic attribute data with
were plugged back and placed in service. well log data. The geological workstation software, Stack
The data-acquisition phase of the tomography survey be-Curves System (SCPC), has been updated to emulate this data
gan Oct. 13, 1994, with testing to determine the best possibldntegration technique. The method has been successfully
parameters to obtain frequency content, number of shots, anapplied with SCPC to another field. The pore volume of a
number of air guns required for best energy levels. It wasQueen sandstone reservoir across a 3-D seismic volume has
determined that optimum results can be obtained with one ailbeen described with the relative amplitude, the instantaneous
gun and four to eight shots per profile over most of the project.frequency, the instantaneous phase, and the two-way time
Activation of the source at 12 to 15 levels for each tomogramthickness all measured across the reservoir interval.
will achieve 5-ft spacing across the zone of interest and create . o
a signal around 1500 Hz. All data are being acquired with theSaturatmn Distributions
digital (rather than analog) receivers. Two air guns are re- Although the petrophysical analysis resulted in the
quired on the longer distance receiver to source profiles toidentification of nine different rock fabrics, it has been con-
achieve an adequate energy level. cluded that only four rock types (three productive and one
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Fig. 1 Plat of West Welch Unit wells.

nonproductive facies) are significant in the development of a limited area (60 acres) in the eastern portion of the WWU.
the reservoir simulator. A preliminary geologic model that The geological facies correlation was used to construct the
consists of 19 layers was built into the reservoir simulator for 19-layer model on the basis of well control, which resulted in
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the pinchout of some layers between wells. The preliminary 350
production and injection history match was much better than A
that obtained with simpler geologic models that do not project &
zone pinchout. This was done prior to startup of the DOE = 250
project.

300

200

Laboratory Testing Requirements 150

RODUCTION

Descriptions of the proposed test procedures for the speciaf> 100
core analysis were submitted to various laboratories for costy |

estimates. The main purpose of the analysis is to obtain water— W

oil relative permeability and miscible GPerformance data. 0
1 10 20 30 40 50 60 70 80

Cyclic CO, Stimulation Evaluation DAYS

The initial CQ stimulation treatment in WWU No. 4835 Fig. 3 WestWelch Unit No. 4835 cyclic Cotreatment. Gas production:
and WWU No. 4851 was reported previously. After approxi- *+, before treatment. —=—, after treatment.
mately 16-d soaking periods, the wells were flowed back in
early October 1994. Both wells have since been placed on
pump. The average production for WWU No. 4835 before the
treatment was 15 bbl of oil per day (BOPD). The maximum oil
rate recovered after treatment is 21 BOPD. A question exists
as to the average pretreatment producing rate on WwWU No.
4851. A portable tester used in July 1994 indicated 30 BOPD,
but the lease satellite tester in September 1994 indicated only
20 BOPD. The well has recorded a maximum producing rate
of 48 BOPD after treatment.

WWU No. 3205 was stimulated with 5 million cubic feet
(MMCF) of CO, and allowed to soak 18 d before flowback
started on Nov. 5, 1994. Pretreatment production was 85
4 BOPD. The well flowed only gas for 25 d. Placed on pump
on Dec. 3, 1994, the well has averaged only 3 BOPD on pump
and exhibits symptoms of interference.

WWU No. 4847 was stimulated with 5 MMCF of géand
allowed to soak 21 d until flowback began in mid-November
1994. Prior production was 9 BOPD. Since the well was Fig. 4 West Welch Unit No. 4835 cyclic CQtreatment. Water cut:
placed on pump, it has averaged 8 BOPD. +, before treatment. —5—, after treatment.

Figures 2 to 13 contain performance data on the four wells
that have been stimulated.
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Fig. 2 West Welch Unit No. 4835 cyclic Cotreatment. Oil production: Fig. 5 West Welch Unit No. 4851 cyclic Cotreatment. Oil production:
+, before treatment. —5—, after treatment. +, before treatment. —8—, after treatment.
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will determine if this process is technically and economically

feasible for field implementation. The technology transfer
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gained through an innovative plan in support of the U.S.

Department of Energy’s (DOE) objective of increasing do-

mestic oil production and deferring the abandonment of SSC
reservoirs.
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Estimation of Log Properties: Part 2: Using Artificial Neural Networks longer term miscible project with near-term results. A suc-

for Nonlinear Attribute Calibratior,eading Edgel3(6): 674-678 (June
1994).
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Reporting Period: Oct. 1-Dec. 31, 1994

Objectives

cessfulimplementation would result in near-term production,
or revenue, to help offset cash outlays. The DOE partnership
provides some relief from the associated research and devel-
opment risks, which allows TEPI to evaluate a proven Gulf
Coast sandstone technology in a waterflooded carbonate
environment. Numerous sites exist for widespread replication
of this technology following a successful field demonstration.

Cross Sections

Cross sections through all study area wells within the
producing horizons of Texaco-operated acreage are complete.
These cross sections were stratigraphically hung on the
Grayburg Marker. Formation tops shown on the cross sections
include the Grayburg Dolomite, Grayburg Sandstone, Upper
San Andres, Lovington Sandstone, and the Lower San Andres.
These tops represent the macro-zonation, which is based on a
deterministic approach. The cross sections were developed
with the commercial software, Geographix Evaluation
System.

Initial Water Saturation Distribution
and Oil-Water Contact

One of the more important milestones associated with the
reservoir characterization component of the project is deter-
mination of original oil in place (OOIP); therefore an evalu-
ation of fluid saturations was warranted. Capillary pressure
data were used to define the initial saturations above an oil-
water contact (OWC) or zero capillary pressure level [water
saturation (§) = 100%)]. A study of electric logs defined the
OWC to be at —1000 ft from sea-level datum. The average
initial water saturation () of the main pay zone was then

The principal objective of the Central Vacuum Unit (CVU) established at 20% with the use of the capillary pressure data.

carbon dioxide (Cg Huff 'n’ Puff (HnP) project is to

The culmination of this exercise was the selection of a

determine the feasibility and practicality of the technology in pseudo-OWC surface, or an economically attractive OWC
a waterflooded shallow shelf carbonate (SSC) environment.within the transition zone (TZ), which would be used in the

The results of parametric simulation of the 4P process

calculation of OOIP. The data were reviewed and considered,

coupled with the CVU reservoir characterization componentsand it was decided that it was more important that the OOIP
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be calculated to represent the hydrocarbon section availabl@eeded for the compositional simulation model. Further, the
for application of the proposed technology. A detailed study detailed grid is prohibitively large for the field review require-
of past and current completions identified a fairly constant ments. The intent is to avoid any averaging of kriged data
surface at —700 ft subsea to be the average bottom of thevithin the simulation model. Grid-size optimization is pro-
producing horizon. This artificial horizon will be used in ceeding with input from compositional simulation experts, so
subsequent evaluations of OOIP. A Leverett,) {8nction the end product will better support the simulation process.
was developed from capillary pressure measurements. This Conditional simulations will be performed on the site-
defined saturation profile will be applied to the massive specific model area in conjunction with the parametric simu-
database described in the geostatistics section of this report fdation tasks. An evaluation will be made to determine if the
initial simulation model conditions. Material balance will porosity variograms constructed from the field-wide data are
allow the estimation of current saturations by injection pattern applicable to the site-specific model area before the condi-
for waterflood efficiency review. tional simulations.

Geostatistical Realizations Waterflood Review

Geostatistics are being used to distribute wellbore datato A review of waterflood efficiencies has been initiated to
interwell locations (cells). A more realistic distribution of the allow proper selection of the eight sites for the field demon-
data than the typical algorithm used in mapping software isstration of the proposed technology. The results of the para-
expected. Normalized porosity and permeability data from metric simulation studies will be coupled with the waterflood
455 wells in the project area were available for use, but thisreview information so that a sufficient variation in reservoir
figure has been reduced to 322 wells because statisticatonditions/character can be selected to support the parametric
variations were introduced by sonic logs which do not accountstudies’ findings. Guidelines will be developed to assist
for secondary porosity. Markers within the pay were taken operators in selecting candidate sites on the basis of this
from the project database. Variograms suggest an east-weshformation and actual field trials.
bias to the porosity distributions. This trend follows the strike  The study is currently limited to evaluation of effects not
of the basin margin. related to OOIP because the final figures will not be available

At 752,400 cells, the geostatistical software is handling auntil completion of the geostatistical exercises. Review of
large volume of data for the study. The three-dimensionalvarious relationships is progressing, however; no abnormali-
(3-D) gridding consists of 150 layers within the San Andres ties are suggested in these initial studies.
formation with an aerial distribution of 76 rows by 66 col- On the basis of the cursory review of currently available
umns. The layers are 4 ft thick. Each cell is 250260 ft on data, a site-specific model area has been selected. It is located
a side. This work is being performed on a personal computetin the northern area of sec. 6, T. 18 S., R. 35 E., Lea County,
with a geostatistical software package developed by TexacadNew Mex. This model area represents average reservoir
called GRIDSTAT. In this project, the model area had to be conditions known to exist within the study area. It will cover
broken into sections because of its size. After working with four existing 40-acre, five-spot injection patterns. The size of
several grid generations, it became obvious that the softwarehe model will allow for the potential to analyze results from
was not properly using the data from wells in adjacent sec-more than one field demonstration. This was done as a safety
tions, which resulted in banding. The software code wasprecaution should the initial site mechanically fail. The model
subsequently refined, and the banding problems were elimi-area is to be drilled on a higher density well spacing, which
nated. An acceptable porosity grid for the project area haswill provide modern logging suites. These data will help
been defined for the San Andres formation. Final tasks will refine the model and provide a measure to the geostatistical
involve the generation of geostatistical grids within the over- efforts. The drilling is not part of the cost-share DOE project.
lying producing horizons of the Grayburg formation.

Originally, it was anticipated that the variograms devel- pgrametric Simulation
oped from the porosity data would be used in construction of
the permeability grids, but the redistribution of permeability =~ Western Atlas’ DESKTOP-PVT program has been used to
data, which were defined on the basis of their relative positiondevelop an equation of state (EOS) that will be incorporated
in the reservoir, was a concern. This approach was abandoneith the compositional simulations for the CVU HnP process.
in favor of the direct application of the neural network perme- Previous development efforts had focused on the three-
ability relationships corresponding to the geostatistically dis- parameter Peng—Robinson EOS. A completely satisfactory
tributed porosity. Efforts are under way to apply the neural match of the liquid volume fraction at high mol% £0O
network to this massive porosity grid. mixtures could not be found with this EOS.

The 250 fix 250 ft aerial grids are being used to determine  Development efforts were shifted to the Zudkevitch—Joffe—
saturations throughout the field study area. Work is under wayRedlich—Kwong (ZJRK) EOS. A much better match of the
to define the grid requirements for the site-specific simulation liquid volume fraction at high mol% C@nixtures was found
model. The coarser grid of the field will not allow the detail withthe ZJRK equation. This type of data is typically the most
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difficult to match. The general procedure for matching labo- representative relative permeability curves gives added credibil-
ratory data with an EOS was previously discussed. An addi-ity to the EOS. Good matches were obtained for the oil recovery
tional procedure has been instituted that involves simulta-as afunction of the volume of GDjected for several pressures.
neously matching pure GQlensities with the laboratory Included were pressures below the MMP, such as 1100 psia, as
CO,—oil phase behavior data. It was found that an EOS doeswell as pressures above the MMP, such as 3000 psia. This is
not typically predict pure CQdensity sufficiently well when  significant because tests at pressures below the MMP are not
it is matched only to the laboratory G@il phase behavior  often simulated. Experimentally, at the 1100-psia pressure, the
data. When pure CQlensity was also included in the match- injected CQ did not displace an equal volume of oil from the
ing process, the prediction of pure £@ensity was much  slim tube even at the start of the test; rather, a portion of the CO
improved without significant degradation of the liquid vol- dissolved inthe oil. The newly developed EOS was able to match
ume fraction matches. Proper matching of ,@f@nsity is this behavior. The ability of the EOS to predict proper behavior
important when determining the amount of Q@ed in a below the MMP is important because the HnP tests will initially
process. operate below the MMP in the near-wellbore vicinity.

Slim-tube experiments previously performed to deter-  Future work will involve the actual parametric simulations
mine the CVU crude system’s minimum miscibility pressure of the HnP process. A finely gridded radial model will be used
(MMP) were successfully simulated with the newly devel- so that accurate pressure profiles near the wellbore can be
oped ZJRK EOS. Representative gas—oil relative permeabil-determined. The parameters investigated will include both
ity curves were used. The ability to match these tests withreservoir characteristics and operating strategies.

completion design, and non-optimum recovery efficiency

IMPROVED OIL RECOVERY IN will be addressed. The results of this project will be dissemi-

MISSISSIPPIAN CARBONATE RESERVOIRS nated through various technology transfer activities.

OF KANSAS—NEAR TERM—CLASS 2 At the Schaben demonstration site, the Kansas team will
conduct a field project to demonstrate better approaches to

Contract No. DE-FC22-93BC14987 identify bypassed oil within and between reservoir units. The

o approach will include
University of Kansas

Lawrence, Kans. » Advanced integrated reservoir description and character-
ization, which includes integration of existing data and drill-

Contract Date: Sept. 18, 1994 ing, logging, coring, and testing three new wells through the

Anticipated Completion: Sept. 18, 1998 reservoir intervals. Advanced reservoir techniques will in-

Government Award: $3,169,252 clude high-resolution core description, petrophysical analysis

of pore system attributes, and geostatistical analysis and

Principal Investigators: . - . o .
P g three-dimensional (3-D) visualization of interwell heteroge-

Tim Carr )
Don W. Green neity.
G. Paul Willhite « Computer applications that will be used to manage, map,
and describe the reservoir. Computer simulations will be used
Project Manager: to design better recovery processes and to identify potential
Chandra Nautiyal incremental reserves.
Bartlesville Project Office » Comparison of the reservoir geology and field perfor-

mance of the Schaben field with the slightly younger Bindley
field in adjacent Hodgeman County, Kansas.

« Drilling of new wells between older wells (infill drilling)
to contact missed zones.

« Demonstration of improved reservoir management
The objective of this project is to examine incremental Lechmqges and of mcremental recovery through potential

. . L eepening and recompletion of existing wells and targeted

reserves from Osagian and Meramecian (Mississippian) doIo-infiII drilling
mite reservoirs in western Kansas by reservoir characteriza- '
tion to identify areas of unrecovered mobile oil. The project The project is an effort to make Kansas producers
addresses producibility problems in two fields; specific reser- more aware of potentially useful technologies and to
voirs target the Schaben Field in Ness County, Kansas, andlemonstrate in actual oil field operations how to apply
the Bindley field in Hodgeman County, Kansas. The problemsthem. A major emphasis of the Kansas project will be
of inadequate reservoir characterization, drilling and collaboration of University scientists and engineers with

Reporting Period: Oct. 1-Dec. 31, 1994

Objective
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the independent producers and service companies operating in Logs from approximately 200 wells are either in the
the state. An extensive technology transfer effort will process of being digitized or have been digitized. The
be made to inform other operators of the results of the project. Irdigital log data are being loaded into Landmark’s
addition to traditional technology transfer methods (e.g., re- Stratworks and TerraSciences’ TerraStation for geologic
ports; trade, professional, and technical publications; work- analysis.

shops; and seminars), a public domain relational database and

computerized display package will be made available throughReservoir Characterization

the Internet and other means of electronic access. o )
Preliminary petrophysical and core analyses are com-

plete and indicate that the reservoir is highly vertically

Summary of Technical Progress stratified, of variable lithology (limestone, dolomite, and
chert), and has high bulk water volume. The complexity of
Acquisition and Consolidation of Available Data the reservoir and the diverse nature of extant logs (i.e.,

various vintages, quality, and type) make the gathering of

All wells in and surrounding Schaben field that contain aqgitional high-quality logs tied to core data important to
production, log, and/or core information have been g adequate reservoir description.

identified from computer databases and paper records. All

digital well locations were checked and corrected if Technology Transfer

necessary. Unique well identifications (API numbers) were

checked and assigned if necessary. Digital cultural data were The technology available to be transferred is limited at

downloaded and checked (e.g., political boundaries andthis time; however, for related work on a Kansas interac-

townships and sections). This forms the geographic and welltive oil and gas field map, production data from Schaben

database into which all geologic, engineering, and produc-field and Ness County were used as a prototype. The

tion data will be loaded. The data will be stored under an production data for the state, county, and individual fields

Openworks-compatible database. ORACLE, the primary re-are available online through the Internet. The data can be

lational database management system, was obtained andccessed through the Petroleum Research Section’s home

loaded. page (http://crudel.kgs.ukans.edu/). Even though the site
Cores were described at the macroscopic level, andis not publicized, the number of users, which includes a

samples were selected for further analysis. Samples fomumber of independent oil companies, has increased. In-

petrographic analysis were sent for thin sections. formation will continue to be posted on the Internet.
Objectives

REVITALIZING A MATURE OIL PLAY:

STRATEGIES FOR FINDING Project objectives are divided into three major phases. The

AND PRODUCING UNRECOVERED OIL first phase, reservoir selection and initial framework character-

IN FRIO FLUVIAL-DELTAIC ization, consisted of the initial tasks of screening fields within

RESERVOIRS OF SOUTH TEXAS the play to select representative reservoirs that have a large
remaining oil resource and are in danger of premature abandon-

Contract No. DE-FC22-93BC14959 ment and performing initial characterization studies on selected

reservoirs to identify the potential in untapped, incompletely
drained, and new pool reservoirs. The second phase will involve
advanced characterization of selected reservoirs to delineate

University of Texas
Bureau of Economic Geology

Austin, Tex. . i .
incremental resource opportunities. Subtasks include the volu-
Contract Date: Oct. 21, 1992 metric assessments of untapped and incompletely drained oil
Anticipated Completion: Dec. 31, 1994 and an analysis of specific targets for recompletion and strategic
Government Award: $817,911 infill drilling. The third phase of the project will consist of a
series of tasks associated with technology transfer and the
Principal Investigator: extrapolation of specific results from reservoirs in this study to
Noel Tyler other heterogeneous fluvial—deltaic reservoirs within and be-

yond the Frio play in South Texas.
Project Manager:

Edith Allison .
Bartlesville Project Office Summary of Technical Progress
Reporting Period: Oct. 1-Dec. 31, 1994 Project work during the present quarter consisted of the

completion of second-phase tasks associated with the
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delineation of incremental recovery opportunities in the rep-  Results from calculations of reservoir areas and volumes
resentative Frio fluvial-deltaic Sandstone reservoirsin Rinconfor each reservoir subunit in the productive Frio D-E interval
and Tijerina—Canales—Blucher (TCB) fields selected for de-in Rincon field are being combined with results from
tailed studies. Documentation of interim results was com- petrophysical modeling of water saturations to generate more-
pleted to fulfill Annual reporting requirements and to provide accurate OOIP calculations for each of the reservoir units. The
adequate material for technology transfer at upcoming profes-development of petrophysical models to calculate porosity,

sional meetings scheduled in 1995. permeability, and water saturation in Rincon reservoirs was
completed first in wells with core data and will ultimately

Strategies for Incremental Recovery incorporate results from special core analyses and petro-

in Selected Frio Reservoirs graphic examination. Different porosity—permeability rela-

tionships for reservoir units that exhibit channel and bar

The potential for infield resource additions is a function of gepometries have been identified and will be incorporated into
the original oil volume in place, the present level of develop- petrophysical porosity modeling. When petrophysical studies
ment, and the degree of internal geologic complexity of the of target reservoir intervals in each field area are complete,
reservoir being produced. Studies on selected Frio reservoirgolumes will be calculated and known production subtracted
in both Rincon and TCB fields have identified the current to determine the remaining volume of reserves. Through this
level of development in individual reservoir units and docu- process, untapped and incompletely drained compartments
mented that reservoir geometry within each stratigraphic will be identified, and those interpreted to contain the largest
reservoir interval is variable and provides important controls volumes of remaining oil will represent the best targets for
on the level of flow communication within a single reservoir near-term incremental recovery by recompletions and strate-
unit. Stratigraphic heterogeneity and variability in reservoir gic infill drilling.
quality exhibited within these reservoirs are directly re
sponsible for the distribution of original oil in place (OOIP) TCB Field Reservoir Studies
and have also been primary controls on present recovery

L In the TCB field, representative reservoir zones from each
efficiencies.

of the three architectural styles identified in productive TCB
reservoirs are the focus of detailed stratigraphic mapping to
identify untapped compartments containing significant vol-
In Rincon field, documentation of stratigraphic heteroge- ymes of mobile oil. Architectural styles include the vertically
neity and identification of the presence of flow barriers within stacked, laterally isolated style of the sand-rich middle Frio
and between individual Frio D reservoir units are the primary scott reservoir; the vertically and laterally isolated style of the
goals of continuing studies to understand styles of reservoirsand_poor middle Frio Whitehill Unit; and the vertically
compartmentalization and to delineate the location of incom-jsplated and structurally complicated style exemplified in the
pletely drained and undeveloped reservoir compartmentsjower 21-B zone, which includes the Mary and Marie sand-
Frio D reservoir sandstones have more complex facies patstones and various other stratigraphic equivalents. In verti-
terns and a greater degree of stratigraphic variability, and, agally and laterally isolated reservoirs like the Scott, compart-
aresult, the composite reservoir zone has a significantly lowerments are more easily identified because their boundaries are
recovery efficiency than E series reservoirs. The relatively clearly limited by channel and splay margins. This style of
poor recovery efficiency of the Frio D reservoir zone is an reservoir may also contain the potential for stratigraphically
artifact of current well spacing that is greater than the size oftrapped accumulations located off the crest of the structure
reservoir compartments that collectively make up the total because of the presence of narrow sinuous channel sandstones
storage space of the mobile oil resource in the Frio D reservoitthat form arcuate concave-updip sandstones. The identifica-
zone. tion of untapped compartments is more complicated in verti-
Net sandstone isopach maps and log facies maps of eightally stacked, laterally isolated reservoir bodies because of the
individual reservoir subunits in the productive Frio D-E variable nature of bed boundaries in which low-permeability
interval were combined with production data to document mudclast-rich layers at the base of channels may create
completion density present within each subunit. Completion complete or only partial seals between channel sandstones.
maps prepared for each reservoir subunit also identify loca-The Scott has produced less than 5% of the OOIP, as calcu-
tions of wells with completions in vertically adjacent subunits lated from operator-supplied maps and petrophysical param-
so that possible areas where vertical communication betweerters, and these low recoveries indicate extensive unrecog-
zones may have influenced production may be identified. nized reservoir compartmentalization.
Reservoir areas were calculated for each of the eight mapped The 21-B zone represents the laterally isolated, structurally
subunits, and volumetric calculations were computed for eachcomplicated reservoir architecture style that is common
reservoir area. These volumetric calculations will form the throughout the lower Frio section. A series of faults perpen-
basis for more-accurate OOIP estimates for each of the reserdicular to dip-oriented distributary channel sandstones iso-
voir subunits. lates these reservoirs into short, narrow segments and creates

Rincon Field Reservoir Studies
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compartments of limited extent. This zone is by far the most permeability data collected from outcrop form the basis for the

prolific reservoir inthe greater TCB field area and contains the construction of reservoir models and the conduction of flow

highest potential for incremental oil recovery. simulation. This work is adding significantly to overall knowl-
Contacts that represent boundaries between various facieedge applicable to the subsurface reservoir discontinuities

within a fifth-order unit and boundaries between individual encountered in the Frio of South Texas.

sandstone bodies were used to measure and map net sandstone

thickness for subunits within the Scott, Whitehill, and 21-B Technology Transfer Activities

reservoir zones. Available routine core analysis data from

wireline cores and porosity data from geophysical logs are Inaddition to specific project tasks, the second-year annual

used to determine the petrophysical nature of facies and intracontract report was completed and submitted to the U.S.

facies boundaries to more fully evaluate the competency ofDepartment of Energy (DOE) for review. Presentations were

these surfaces to act as barriers or baffles to fluid migration.prepared and given to the project manager in November 1994

Available engineering data are also being evaluated to assesgnd to a National Research Council review panel that con-

intercompartmental communication. vened in mid-December to evaluate progress on selected

projects in the DOE Class | and Class Il reservoir program.
Three abstracts highlighting project results from play-wide

reservoir assessméiatnd from initial reservoir characteriza-

tion studies in each field afeawere accepted for presentation

at the American Association of Petroleum Geologists annual

Industry has generally recognized opportunities for infill Meeting in March of 1995. In addition to these abstracts, a
drilling and recompletion, but not to the extent that these Bureau of Economic Geology Report of Investigations on
approaches can be fully used to increase near-term oil recovplay-wide resource assessment and identification of remain-
ery in all depositional systems. This is especially true in ing oil potential in the Frio fluvial-deltaic sandstone play is in
complex compartmentalized reservoirs. Pastinfill drilling has final stages of preparation for publicatibfiwo papers dis-
not targeted specific incompletely drained or untapped com-cussing aspects of the Rincon and TCB field studies were also
partments, in part because of the lack of integration of geologyprepared for submittal to the 1995 Gulf Coast Association of
and engineering in seeking advanced development opportuniGeological Societies Meeting in October 1995.
ties in mature fields. Only a limited number of geological
studies have investigated the nature of flow barriers and flow
baffles in fluvial-deltaic reservoirs. Further, work on out-
crops has only recently begun to assist in geostatistical char- _ _ _
acterization of fluvial-deltaic reservoir heterogeneities, to 1+ M- H. Holz and L. E. McRaelodeling Reservoir Attributes and.
address the question of scale-up of reservoir properties, and to Els timating Additional qurocarbon Potential for Redevelopment in

S . . . uvial-Deltaic Reservoirs: An Example from the Frio Fluvial-Deltaic
dem_or_]Strate the_ S'Qn'f'ca_”t need for integration of geO|Og|C Sandstone Play in South Texpaper to be presented at the American
detail in reservoir simulation. Association of Petroleum Geologists Annual Meeting, Houston, Tex.,

An industrial associates program at the Bureau of Eco-  March 5-8, 1995.
nomic Geology was formedin 1992 to address these problemg. L. E. McRae and M. H. HoltReservoir Architecture and Permeability
and to develop an understanding of sandstone architecture and

Characterization of Heterogeneity Style
and Permeability Structure in a Sequence
Stratigraphic Framework in Fluvial-Deltaic
Reservoirs

References

Characteristics of Fluvial-Deltaic Sandstone Reservoirs in the Frio
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tionships among sequence stratigraphy, depositional archi-"
tecture, diagenetic history, and permeability structure through
detailed outcrop characterization. Sand-body geometry and
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INCREASED OIL PRODUCTION AND
RESERVES FROM IMPROVED
COMPLETION TECHNIQUES IN THE
BLUEBELL FIELD, UINTA BASIN,
UTAH

Contract No. DE-FC22-92BC14953

Utah Geological Survey
Salt Lake City, Utah

Contract Date: Sept. 30, 1993
Anticipated Completion: Sept. 29, 1998
Government Award: $412,890

Principal Investigator:
M. Lee Allison

Project Manager:
Edith Allison
Bartlesville Project Office

were prepared for thin-section and X-ray-
diffraction analyses. Graphical representation of the core de-
scriptions will be produced with software for recording and
displaying stratigraphic data.

Core samples were selected from various lithofacies for
completion—fluid sensitivity studies. All the samples are from
perforated intervals. The samples are a carbonate from the upper
Wasatch transition/lower Green River formation, a sandstone
from the Wasatch formation, and a sandstone and a carbonate
from the deeper lower Wasatch transition (Flagstaff equiva-
lent?) interval.

Subsurface fracture analysis is being done with borehole
imaging logs and data from oriented cores. These data will be
combined with the surface-fracture data to determine fracture
orientation and distribution on a field-wide scale. The Bluebell
field fracture study will be combined with another surface/
subsurface fracture study being conducted by the Utah Geologi-
cal Survey of the Duchesne field, southwest of the Bluebell field,
to develop a basin-wide model.

The digitization of geophysical well logs in and around the

Bluebell field is complete. The database consists of 240 logs
from 80 wells. Preliminary correlation of the digital logs of field-
wide markers is complete. This data set will be used to generate
major structure and interval thickness maps. The digital data will
also be used for detailed porosity, clay content, and fluid-
saturation calculations.

Reporting Period: Oct. 1-Dec. 31, 1994

Objective

The objective of this project is to increase the oil production
and reserves in the Uinta Basin by demonstration of improved
completion techniques. Low productivity is attributed to gross  |n the Michelle Ute well, 69 zones are perforated,
production intervals of several whereas in the Malnar Pike well, 50 zones are perforated.
thousand feet that contain perforated thief zones, water-bearing, comprehensive model of the Michelle Ute well was
zones, and unperforated oil-bearing intervals. described previously. Features of the Malnar Pike model
Geologic and engineering characterization and computer simugre
lation of the Green River and Wasatch formations in
the Bluebell field will determine reservoir heterogeneities re-

Engineering Studies

lated to fractures and depositional trends. This will A gq 40 acres (16 ha)
be followed by drilling and recompletion of several wells  pocancir depth 9,582 to 14,360 ft
to demonstrate improved completion techniques on the basis of (2,920 to 4,376 m)
the reservoir characterization. Technology transfer ofthe project i 8 x 8 x 49
results will be an ongoing component of the project. Grid size (x and y) 165 ft (50 m)
Grid size (2) Varied
Summary of Technical Progress Porosity 0.0t0 0.32%
Pressure gradient 0.5 psi/ft (11.3 KPa/im)
Subsurface Studies Oil gravity 35 °API
Gas gravity 0.75

Two stratigraphic cross sectionsin the Roosevelt Unitarea of Initial gag/oil ratio 1,100 scf/stock tank barrel
the Bluebell field (vertical scale approximately Initial bubble point pressure 3,800 psi (26,200 KPa)

150 ft/in.) are complete. Cross section A-Acorporates Initial oil saturation 0.7 (constant)

10 wells and trends approximately west—east along depositional Bottomhole pressure

strike (Fig. 1). Cross section B-Bends roughly north—south first year 3,000 psi (20,690 KPa)

and shows a total of five wells, including the two proposed subsequent years 2,000 psi (13,790 KPa)
demonstration wells: the Michelle Ute (sec. 7, T.1S.,,R.1 E))

and Malnar Pike (sec. 17, T. 1 S., R. 1 E. Uinta Baseline) Several assumptions were made about the reservoir

Studies of lithology, sedimentary structure, fossil content, properties so that the simulated production would match
and fracture descriptions are complete for 10 cores. Sampleshe historical production. A constant pressure gradient of
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Fig. 1 Index map of the Roosevelt Unit area showing wells used for the stratigraphic cross sections aAd B-B'. e, oil well. -¢-, abandoned oil well.
-, gas well. +—, deviated well.

0.5 psi/ft (11.3 KPa/m) was used. The field production opera-water saturations. The actual oil, gas, and water productions are
tions were essentially duplicated by opening perforations atcompared with the simulation results in Figs. 2 to 4, respectively.
appropriate times to represent the addition of new perforationsThe oiland gas productions are fairly well matched by the model.
over the history of the well. In contrast to the Michelle Ute Even though the total water production is well matched by the
model, a constant permeability of 0.31 mD was used in thesesimulations, the initial water production is significantly lower
simulations. The challenge in the Malnar Pike simulations wasthan the simulated production. This suggests that the latter set of
to match the large water production. This was accomplished byperforationsnay have penetrated an aquifer.

making adjustments to the water relative permeabilities at low

T
80,000 P 80,000
//
o 60,000 w 60,000
[ (7]
¥ 40,000 / i 40,000
-
3 " <
20,0007 - 20,000
0 0
Dec.87 Dec.88 Dec.89 Dec.90 Dec.91 Dec.92 Feb.93 Dec.87 Dec.88 Dec.89 Dec.90 Dec.91 Dec.92 Feb.93
YEAR YEAR
Fig. 2 Actualvs. simulated yearly oil production, Malnar Pike well (sec. Fig. 3 Actual vs. simulated yearly gas production, Malnar Pike well
17, T.1S., R. 1 E.).m field data. =5, simulated result. (sec. 17, T.1S., R. 1 E.)m—, field data. -5, simulated result.
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120,000 Objective

100,000 /—r’/"}"*
E 80,000 r// The objective of this projectis to develop a comprehensive,
¥ 60,000 //// interdisciplinary, and quantitative characterization of a
- 40,000 T // fluvial—-deltaic reservoir that will allow realistic interwell and
= 200004 = reservoir-scale modeling to be used for improved oil-field

] | development in similar reservoirs worldwide. The geological
Dec.87  Dec.88 Dec.89 Dec.90 Dec.91 Dec.92 Feb-93  and petrophysical properties of the Cretaceous Ferron sand-

VEAR stone in east-central Utah (Fig. 1) will be quantitatively
Fig. 4 Actual vs. simulated yearly water production, Malnar Pike well determined. Both new and existing data will be integrated into
(sec.17,T.1S., R. 1 E.)m field data. -5, simulated result. athree-dimensional (3-D) representation of spatial variations

in porosity, storativity, and tensorial rock permeability at a
scale appropriate for interwell to regional-scale reservoir
simulation. Results could improve reservoir management

One technical presentation was made during the quarte,through proper infill and extension drilling strategies, reduce

as part of the Bluebell field project technology transfer €conomicrisks, increase recovery from existing oil fields, and
activities? provide more-reliable reserve calculations. Transfer of the

project results to the petroleum industry is an integral compo-
nent of the project.

Technology Transfer

Reference

1. A.Garnerand T. H. Morri&eservoir Characterization Through Facies Summary of Technical Progress
Analysis of the Lower Green River Formation for Hydrocarbon Produc-

tion Enhancement in theIAItgn}ont—Bluebe}ll Field., Uinta Balsin, Utgh, The technical progress is divided into several sections

giiiﬁe‘,)r@ii?ff%;lfe?oﬂ;?, ;‘;‘fty of America Annual Meeting, cqrresponding to the Regional Stratigraphy and Case Studies
tasks of the project. The primary objective of the Regional
Stratigraphy task is to provide a more-detailed description and
interpretation of the stratigraphy of the Ferron sandstone
outcrop belt from Last Chance Creek to Ferron Creek (Fig. 1).
Photomosaics and a database of existing surface and subsur-
face data are being used to determine the extent and deposi-
tional environment of each parasequence and the nature of the
contacts with adjacent rocks or flow units.

GEOLOGICAL AND PETROPHYSICAL
CHARACTERIZATION OF THE FERRON R1E R2E R3E R4 RSE R6E R7E RB8E
SANDSTONE FOR THREE-DIMENSIONAL I I I ] OIT
« UURI core holes i { 19
SIMULATION OF A FLUVIAL-DELTAIC ) ‘ S, } s
RESERVOIR | < Oiland gas wells | % .
. Gas field \Ferron 20
Contract No. DE-AC22-93BC14896 Area with closely Gas Field S
spaced coal wells T
. 0 10 mi 21
Utah Geological Survey ' P S
Salt Lake City, Utah T T
02
Contract Date: Sept. 29, 1993 S
Anticipated Completion: Sept. 29, 1996 FerronSandstone | T
Government Award: $1,225,482 7 S\ | Outcrop Belt 3
H L N N S
Principal Investigator: l UTAH T
M. Lee Allison ( p N.cmee o
i i ] T
Project Manager: ._“J N o5
Robert Lemmon l \ % S
Bartlesville Project Office
) ] Fig. 1 Location map of the Ferron sandstone study area (cross-hatched)
Reporting Period: Oct. 1-Dec. 31, 1994 showing detailed case-study sites (outlined by heavy dashed lines).
UURI, University of Utah Research Institute.
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The primary objective of the Case Studies taskis to developinto ASCII files; 456 of the 486 total wells were also entered
a detailed geological and petrophysical characterization, atinto the UGS-developed INTEGRAL database being used for
well-sweep scale or smaller, of the primary reservoir lithofacies the Ferron project (Table 1). Interpretations (thickness, type
typically found in a fluvial-dominated deltaic reservoir. Inter-  of lithology, and geologic description) are complete for 473
pretations of lithofacies, bounding surfaces, and other geo-wells.
logic information are being combined with permeability mea-  All base maps have been digitized for the sevién 7
surements from closely spaced traverses and from drill-holequadrangles within the study area. Drill-hole locations (petro-
coresto develop a 3-D view of the reservoirs within three casedeum exploratory and development wells and coal core holes),

study areas (locations shown in Fig. 1). measured sections, coal outcrops, coal mined-out areas, drain-
ages, and the top and base of the Ferron sandstone are also

Regional Stratigraphy digitized on these base maps.

Surface Mapping/Interpretation of the Case Studies

Outcrop Belt

The Utah Geological Survey (UGS) continues to combine Core Holes

digitized land-based and aerial photographs of the Ferron Four core holes were drilled in the Ivie Creek case-study
sandstone outcrop belt into reproducible photomosaics withsite: the Ivie Creek Nos. 3, 5a, 9, and 9a (Fig. 2). These core
the use of image-editing software. A total of 1823 photos holes were designed to evaluate the lithofacies and reservoir
depict 80 miles (130 km) of Ferron sandstone outcrop. Inter-characteristics of the Ferron sandstone Nos. 1 and 2 sandstone
pretations of parasequence boundaries, lithofacies, and variparasequence sets. The total depths of the core holes are 443,
ous field data (such as measured section and gamma-rag20, 200, and 310 ft (135, 98, 61, and 95 m, respectively). The
transect locations) are being plotted on the photomosaics agore holes are located downdip 200 to 1200 ft (60 to 365 m)
part of both the regional and case-study analyses. Thesérom the Ferron outcrop. The pattern of the core holes was
interpretations will be confirmed later in the field. designed to capture the various reservoir changes in the No. |
and No. 2 parasequence sets over an area analogous in size to
a small oil field. A total of 430 ft ( 131 m) of core was
recovered from Nos. 1 and 2 sandstone parasequence sets.
The UGS has completed collection and compilation of This core is stored atthe UGS Sample Library and is available
available published and unpublished maps, measured sedor study by interested parties.
tions, well logs, core descriptions, reports, and other data. Geophysical logs run in the Ivie Creek Nos. 3, 5a, and 9a
There are 486 wells in the study area, of which 413 were coredcore holes include the formation density, caliper, and gamma-
By Dec. 31, 1994, the UGS had acquired 138 geophysical logsay logs (Fig. 3). Sonic and dipmeter logs were recorded in the
and 1800 ft (550 m) of core or core descriptions from theselvie Creek No. 3, the only core hole that was able to hold water.
wells (Table 1). Information from 232 wells has been entered The Ivie Creek No. 9 core hole was abandoned because of

Collection and Interpretation of Existing
Surface and Subsurface Data

TABLE 1
Summary of Well, Geophysical Log, and Core Data Collected for the Ferron Sandstone Study Area

No. of wells No. of logs No. of wells No. of wells

with geophysical obtained by  No. of wellscored/  Core obtained recorded in recorded in

Sour ce of wells logs the UGS* footage cored by theUGS* ft  ASCII filess INTEGRAL*

Oil and Gas
University of Utah Research Institute 2 2 2/800 800 0 2
ARCO Oil and Gas Company 7 7 713527 Descriptions only 0 7
British Petroleum 5 5 5/1000 1000 0 0
Other 59 41 0 0 0 46
Coal

CONSOL Inc. 357 62 356/unknown Descriptions only 232 339
U.S. Geologica Survey 37 15 29/1402 Descriptions only 0 36
Bureau of Land Management 0 0 6/1156 Descriptions only 0 7
Western States Mineral Corporation 12 0 0 0 0 12
Hidden Valley Coal Company 7 6 7/1463 Descriptions only 0 7
Tota 486 138 412/8348 1800 232 456

*Obtained by Utah Geological Survey (UGS) as of Dec. 31, 1994.
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Fig. 2 Location of four core holes (lvie Creek Nos. 3, 5a, 9, and 9a) drilled in the Ivie Creek case-study area, sec. 16, T. 23 S., R. 6 E., Salt Lake Base
Line, Emery County, Utah. Three of the holes cored the Nos. 1 and 2 sandstones. Base map modified from U.S. Geological Survey Mesa Butte and Walker
Flat 7,-ft topographic maps; contour interval is 40 ft (12 m).

problems before coring and logging operations could belvie Creek area. The No. 2 sandstone parasequence set con-
completed. Continuous logging of the core recovered from thetains more and cleaner sand, which indicates a more wave-
Ivie Creek Nos. 3, 5a, and 9a core holes was conducted withnfluenced environment of deposition.
a computer-interfaced multisensor track that simultaneously . .
recorded natural gamma, density (via gamma-ray attenua_Mml—Permeameter Measurements
tion), and magnetic susceptibility. These data are being used Seven permeability transects, four vertical and three
to determine porosity and clay content, which are the domi-subhorizontal (parallel to bedding) were made on the outcrop
nant controls on fluid flow (permeability) in the Ferron at the Ivie Creek case-study site during the 1994 field season
sandstone and most other oil-producing fluvial-deltaic (Fig. 4). The transects as a group sample the proximal, middle,
reservoirs. and distal portions of the delta-front rocks of the No. |
The No. 1 sandstone parasequence set represents a rivesandstone. Transect locations were designed to encompass
dominated delta deposit that changes from proximal to distalmost of the lithofacies present in the delta-front sequence.
(where the sandstone pinches out) from east to west across tHeata from these transects will be used to determine the
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3004 ¢ \i
T7) outcrop transects are shown in Figs. 5 and 6, respectively,
and the results from Nos. 1 and 2 sandstones along transect T1
are shown in Fig. 7. A large percentage of the rock tested
: : apparently has a permeability lower than the resolution of the
4004 5004 mini-permeameter (approximately 2 mD). Overall,
Fig.3 Gamma-ray logs, in API units, from the Ivie Creek Nos. 9a, 5a,  Permeabilities in the No. | sandstone are relatively low, less
and 3 core holes (locations shown in Fig. 2). than about 50 mD. In the No. 2 sandstone (Fig. 7),

permeabilities are locally much higher, in excess of 80 mD.
A clear increase in permeability within distinct bedforms of

statistical structure of the spatially variable permeability the No. | sandstone exists from distal to proximal transects
field within the delta front, to investigate how geological (T2 to Tl to T3 to T4). Although permeability values are
processes control the spatial distribution of permeability, below instrument resolution in horizontal transects T6 and
and to evaluate permeability measurement techniques. T7 (Fig. 6), results obtained from T5 suggest that there is a

Mini-permeameter testing in the laboratory is complete definite permeability structure that may correspond to map-
for transects Tl, T2, T3, T4, T5, T6, and T7 (Fig. 4). Core pable variations in lithology and grain size.
plugs obtained from the No. 2 sandstone in the field and During field and laboratory testing, sufficient information
core from the lvie Creek 5a and 9a core holes were alsowvas collected to compare the results of in situ testing
tested. These permeability data and related information(k-hole) with laboratory tests performed on core (k-plugs)
are being entered into spreadsheets for subsequent analygollected from the holes tested in the field (Fig. 8). The
sis and transfer to the INTEGRAL database. Several addi-in situ tests generally produce larger permeability values.
tional core plugs were obtained in the field from the most This effect might result from differences in surface prepa-
proximal locations of the No. 1 sandstone, east of the mini-ration; the core plugs are trimmed with a saw, whereas
permeameter transects at the Ivie Creek site. These sampldssting surfaces in the in shioles are chipped to aroughly
will also be tested for comparison to the other portions of flat surface. Because in sitasting requires a large field
the delta-front rocks. commitment (in time and personnel) and appears to pro-

The results of mini-permeameter tests performed onvide overestimates of rock permeability, the collection
core plugs collected from the No. 1 sandstone alongand laboratory testing of core plugs will continue to be
vertical (T1, T2, T3, and T4) and horizontal (T5, T6, and emphasized.
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Fig. 5 Results of mini-permeameter tests on core plugs collected from the No. 1 sandstone along vertical transects T1(a), T2(b), T3(c), and T4(d)
(locations shown in Fig. 4). Reference points do not necessarily coincide with a common geological feature.

Outcrop core-plug samples of both the Nos. 1 and 2and 9a (No. | sandstone) core holes. Overall, the results are
sandstones in the Ivie Creek case-study site were collectedimilar to those obtained from outcrop-derived core plugs.
during the 1994 field season to characterize the vertical and _ _
lateral variations of petrophysical properties, such as density Reservoir Modeling

velocity, mineralogy, and porosity. These samples were also  goftware designed to transfer line drawings of reservoir
tested for permeability (Fig. 9). Figure 9 shows that at leastg chjtectural elements was acquired. Digital images from
14% porosity is required to obtain measurable permeabiIitiesphotographsy used as base maps for creating digital lithofacies
with the mini-permeameter. Data shown in part a of Fig. 9 aremaps, are being loaded into the computer. Trace maps have
grouped to illustrate that grain-size variations appear not topgen digitized and analysis has begun. Data from previous
influence the relationship between permeability and poros-gi,dies of the Ferron sandstone are being used for two-
ity. Similarly, data shown in part b of Fig. 9 indicate that gimensional (2-D) reservoir simulations and the coding of the
permeability—porosity relationships are comparable for both 3_p version. All procedures are being documented, and final

the Nos. | and 2 sandstones. _ testing of the 2-D code is under way.
Detailed mini-permeameter testing is being performed with

Mobil Gil Corp.’s stage-mounted automated mini-permeameter. Technology Transfer

Permeability data are being collected at 0.05-ft (1.5-cm) inter-

vals along the core recovered from the Ivie Creek drilling  Two technical presentations were made during the quarter
operations. Figure 10 illustrates low permeabilities obtained as part of the Ferron Sandstone project technology transfer
from two core segments from the Ivie Creek 5a (No. 2 sandstonejctivities1-2
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Fig. 6 Results of mini-permeameter tests on core plugs collected from
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Fig. 10 Results of detailed mini-permeameter tests (0.05-ft spacing) on
slabbed core obtained from the Ivie Creek 5a(a) and 9a(b) core holes.
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Objective

The objective of this project is to test the concept that the
growth faults in a Gulf of Mexico field are conduits through
which the producing reservoirs are charged and the proposal
that enhanced production can be developed by producing
from the fault zone. The field demonstration will be accom-
plished by drilling and production testing of growth fault
systems associated with the Eugene Island Block 330 (EI1 330)
operated by Pennzoil in federal waters off Louisiana.

Summary of Technical Progress

Database Management

Fluid-Flow Monitoring Using Industry
Multiple Three-Dimensional (3-D)
Seismic Data Sets

The 1992 Shell/Exxon data set (received December 1994)
is being reformatted and integrated with the two 3-D seismic



surveys, the Texaco/Chevron data set and the Pennzoil et alglready been assembled from all available well logs in the
data set. The preliminary normalization of the Shell data setisbasin, will be correlated to a composite oxygen isotope
complete (Fig. 1). Five new Advanced Visual Systems, Inc. curve dating back through the Pliocene. Correlations ob-
(AVS) modules have been coded that perform interestingtained will be used to constrain stratigraphic ages, sedi-
morphological operations on 3-D seismic data, such asmentation rates, and hopefully fault displacement rates
skeletonization, histogram equalization, histogram matching, throughout the basin.

and construction of project description files. ) ) L
Real-Time Visualization Database

Geological Analyses of Industry

o A new addition to the on-line database is World Wide Web,
3-D Seismic Surveys

which is on line now. Anyone on the Internet can browse
Landmark has completed its task of comparing the tradi-through the database provided that he or she has an
tional interpretation of the horizons and faults and the reinter-HTML document browser. The link is named http://
preted reflector horizons and faults. www.ldeo.columbia.edu/GBRN/GBRN_Brochure.
The development of the computer software for correlat-
ing well logs from El is in its final phase. This phase Field Demonstration Experiment
involves invoking statistical methodology for rating all i ,
possible correlations between any two time series, which nterpretation of Results of Well Experiments
at present are simulated well logs. Once the testing is An article was published in the December 1994 issue of
complete, a composite well log of the El field, which has Petroleum Engineer Internationalimmarizing an overview
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of the Global Basins Research Network (GBRN) project a samples could be obtained. Thus additional sidewall cores
year after the field demonstration experiment. were obtained from Pennzoil.

Reservoir Characterization Petrography

Twenty-five thin sections of sidewall cores from the HB
sand were examined for diagenetic minerals. These samples

Pennsylvania State University (PSU) has received permis-are from traverses perpendicular to the main growth fault in
sion from Pennzoil to obtain all the core data associated withBlock 330. Albitization of plagioclase appears to be common
the A-12 well (EI Block 316), including color Formation in several of the samples (well No. B16, 6120 and 6126 ft; well
Micro-Imager paper log, thin-bed analysis, and core photos afNo. B3ST, 6852 and 6797 ft; well No. A7ST, 6537 ft; and well
well as the whole core itself. This core will be housed in the No. C15ST, 5204 and 5300 ft) in which fresh plagioclase is
PSU Core Repository. scarce. If confirmed by microprobe, this occurrence of
albitization is anomalously shallow and may represent un-
usual fluids from a chemical or thermal point of view. Calcite

Work has continued on assessing the phase and polarity ofementis common in some samples, comprising up to 70% of
the 3-D seismic surveys so that wireline picks can be confi-the sample in some cases (well No. B16, 6140 and 6144 ft) and

Acquisition of A-12 Core

Structure Maps

dently tied to seismic reflectors. averaging 2 to 10% in most samples. The cement exists as
_ extremely fine-grained aggregates in pores and as ragged
Temperature Mapping overgrowths on larger detrital grains. Rare, bright yellow—

Work on the two-dimensional (2-D) temperature model for °range luminescent poikilotopic cement is present in at least
conduction and advection to monitor the combined influence ©"€ Sample (well No. C15ST, 5274 ft). Sampling is being

of fluids flowing in the fault system and of the salt is in conducted for stable and strontium isotope analysis on se-
process. This is the last step before conceiving a 3-D model fof€cted samples.

conduction and advection of heat that should allow the bestorganic Geochemistry

understanding of the thermal regime in this area and in active

fault systems in general. An experiment on hydrous pyrolysis of an oil-soaked core
. . _ sample from a Pathfinder core is in process to determine if
Amplitude Mapping Analysis good kinetic and yield data can be obtained on cracking of

The patent application for four-dimensional (4-D) seismic E! 330 oil to gas within a reservoir rock typical of the area.
amplitude imaging [titled “4-D Seismic Interpretation and _ The Pathfinder CD-ROM entitled “Results of the Path-
Imaging Utilizing Amorphous Diffuse Intra- and Inter-Period  finder Drilling Program into a Major Growth Fault” is ex-
(ADIP) Projectors”] is still in process. Significant methodolo- Pected to be released early in 1995. The conclusions reached
gies to generalize it into a techniques patent that will be moreffomthe CD-ROM are thatanalyses of Pathfinder well samples

useful to disparate data sets are in process. show no evidence of recent migration—fractionation either
along the A fault or within the cored section. Analyses are still
Modeling in progress to look for fractionations associated with smaller

scale oil and gas movement along more minor faults in

The Akcess.Basin modeling system was simplified in a Pathfinder cores. The relatively sulfur-rich EI 330 oils, in-
major way during this quarter by modifying it so that grid cluding those from the Pathfinder well, belong to a single
changes caused by compaction, salt diapirism, or faulting arechemical family, probably derived from a marine, carbonate-
specified accurately during the pre-processing step. The gricrich Jurassic or Lower Cretaceous source rock.
movement in Akcess.Basin is specified by external files.  Maturities of all EI 330 oils, including the Pathfinder well
These changes, together with some additions to the presamples, are about calculated reflectance values (Rc) = 0.8%
processor, allow fault movements to be included in 2D and atthe beginning of the oil window; however, gas maturities for
3D. The fault modeling task, which had been problematic, is non-Pathfinder gases are about 1.3 to 1.5% at the end of the oil

100% complete. or at the beginning of the wet gas windows.
_ An hypothesis for how oil and gas migration might be
Geochemistry occurring into El 330 reservoirs was proposed. Oil contained

within deep reservoir rocks is periodically pressurized with
sufficient gas to break through the overpressure and drive gas
In general, work has focused on finishing analyses of and oil upward through the red fault system into Pleistocene
Pathfinder well samples and expanding the investigation toreservoirs. This process accounts for the bright seismic
reservoir sands. The earlier work on this latter objective, in reflections that appear to mark the migration paths from deep
which about 150 thin sections from Pennzoil were examined,source zones below hard geopressure up along the faults into
was limited by the lack of additional rock from which isotope the overlying reservoirs. It also accounts for the kerogen

Inorganic Geochemistry
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maturation anomalies adjacent to the fault zone as well as for Objectives
the apparent changes in oil and gas compositions over time

and the persistent overproduction in the El 330 field. The Oklahoma Geological Survey (OGS), the Geological
Information Systems (GIS) Department, and the School of
Technology Transfer Petroleum and Geological Engineering at the University of

Oklahoma are engaging in a program to identify and address

In October 1994 the Weiss Energy Hall was opened at thegyjahoma’s oil recovery opportunities in fluvial-dominated
Houston Natural History Museum. The GBRN participatedin gejtajc (FDD) reservoirs. This program includes the systematic
the design of the geology and geophysics rooms of the Energy,nq comprehensive collection and evaluation of information on
Hall, and Engineering Animation, Inc., in collaboration with 5| 5f Oklahoma’s FDD reservoirs and the recovery technologies
a GBRN storyboard, provided the showcases entry-way videoya¢ have been (or could be) applied to those reservoirs with
wall depicting the formation of oil and gas from the Big Bang ommercial success. This data collection and evaluation effort

to burial. The GBRN video “Field of Streams” about the iy pe the foundation for an aggressive, multifaceted technol-
EI 330 field and the U.S. Department of Energy Field Demon- o yransfer program thatis designedto supportall of Oklahoma's
stration Experiments is continuously showing in the geology jinqustry, with particular emphasis on smaller companies and
room as a permanent display. independent operators in their attempts to maximize the eco-
nomic producibility of FDD reservoirs.
Reference Specifically, this project will identify all FDD oil reservoirs
in the State; group those reservoirs into plays that have similar
1. L.B.Billeaud, R. N. Anderson, P. B. Flemings, and J. Austin, Active Gas depositional and subsequent geologic histories; collect, orga-
and Oil Migration Sought in a Growth Fault ZoRet. Eng. Int.66(12): nize, and analyze all available data; conduct characterization and

17-18, 20-22 (December 1994). simulation studies on selected reservoirs in each play; and
implement a technology transfer program targeted to the opera-
tors of FDD reservoirs to sustain the life expectancy of existing
wells with the ultimate objective of increasing oil recovery.

The elements of the technology transfer program include
developing and publishing play portfolios, holding work-
shops to release play analyses and identify opportunities in
each of the plays, and establishing a computer laboratory that
is available for industry users. The laboratory will contain all
the play data files, as well as other oil and gas data files,

IDENTIFICATION AND EVALUATION together with the necessary hardware and software to analyze
OF FLUVIAL-DOMINATED DELTAIC the information. Technical support staff will be available to
(CLASS | OIL) RESERVOIRS assist interested operators in the evaluation of their producing
IN OKLAHOMA properties, and professional geological and engineering out-
reach staff will be available to assist operators in determining
Contract No. DE-FC22-93BC14956 appropriate recovery technologies for those properties.

Oklahoma Geological Survey .
University of Oklahoma Summary of Technical Progress
Norman, Okla.
The execution of this project is being approached in three
Contract Date: Jan. 15, 1993 phases. Phase 1, Planning and Analysis, includes system
Anticipated Completion: Dec. 31, 1997 design, play definition, and database development activities.
Government Award: $1,390,752 Data from the Natural Resources Information System (NRIS),
(Current year) an Oklahoma data system, that has been developed through

Principal Investigators: the support of the U.S. Department of Energy’s (DOE)

Charles J. Mankin Bartlesville Project Office, have provided the foundation for
Mary K. Banken this data collection effort. Phases 2 and 3 include many
ongoing activities from Phase 1 but emphasize project imple-
Project Manager: mentation and technology transfer activities in which the
Rhonda Lindsey collected information is organized and made available to the
Bartlesville Project Office industry through the various methods.

This quarter was a transitional period between the phases;
phase 1 activities continued while revised subtasks and
schedules were finalized for phases 2 and 3.

Reporting Period: Oct. 1-Dec. 31, 1994
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Phase 1: Planning and Analysis show the development of three principal layers that define a
) Booch channel. The log data were further used to produce

Design/Develop Database Systems isopach and structure maps for input to the reservoir simula-

Work this quarter focused on the development of user- tion software. Within the Morrow play, the Rice Northeast
friendly interfaces to the NRIS and FDD data. When these ardield has been identified as the target candidate. Research
fully developed, users will be able to easily access all the date£ontinues to identify an appropriate field for the Layton and
collected through this project. Database management softOsage—Layton play.
ware was purchased to be used for supporting the very large For phases 2 and 3, the ongoing activities of this task will
multiuser databases that will be available through the user-laj’€ continued as part of the data analysis and preparation for
computer network. each play publication and workshop.

Work was initiated to convert the operator database to the lav ID/Eolio Plans
personal computer (PC) network. This database will be usedD y
to track program participation by operators from the various  Routine meetings of play leaders have continued, at which
plays. The FDD reservoir and bibliography database systemsarious aspects of the play definitions are discussed and plans
that were developed will continue to be used for the foresee-are developed for the ongoing work. During this quarter plans
able future because the new database management softwaveere discussed for producing the play folio publications and
development will concentrate on reformatting the NRIS well, conducting the workshops. The content and format of a typical
lease, and field mainframe databases for access at the P@orkshop publication were outlined. The maps, or plates, to
level. Eventually, the final two FDD databases will be con- be included with each publication will share one of two
verted, and the documentation for those databases will bgossible bases for the state of Oklahoma. One base will be for
completed after that conversion. western ranges of the state and will include the panhandle. The

For phases 2 and 3, the ongoing activities of this task will other base will include the main body of the state minus the
be continued and reported under Task 1, Database and Applipanhandle. These two base areas were decided on to allow all

cations Development. maps to be produced at a scale of 1:500,000. By dividing the
state in this way, each play area can be mapped at a scale that
Data Research will allow adequate detail and yet not be too large for use. Both

Primary efforts for this quarter were devoted to data of these bases will include county boundaries, township—
research activities. Project staff provided four new data pack-fange grids, and selected city locations.
ages to the Oklahoma Nomenclature Committee (ONC). Also this quarter the number of potential workshop attend-
These packages contained maps and print listings of fields€€s and potential workshop locations were addressed. Lists of
leases, and wells for areas with large volumes of oil produc-OPerators with recent production in various FDD plays were
tion from unassigned leases (i.e., leases outside field bounddgenerated from the NRIS database. On the basis of the
aries). The packages assist the committee as they delineate tffgldresses of the operators, along with the number of operators
official oil-field boundaries in which FDD reservoirs occur. in each FDD reservoir, potential sites were suggested for
Packages from this quarter included a six-township area inworkshop presentations. Efforts are under way to investigate
Hughes county with high unassigned Booch production; athe sites for adequate presentation facilities.
nine-township area in the western part of the Oklahoma For phases 2 and 3, the ongoing activities of this task will
panhandle with unassigned Morrow production; a six- P€ continued as part of the preparation for each play publica-
township Morrow production area in the eastern part of the tion and workshop.
Oklahoma panhandle; and another six-township Booch areg.
in Hughes, Seminole, and Okfuskee counties. As the ONC
defines new field boundaries, the NRIS field files are updated = User-lab development activities include both the acquisi-
to reflect the changes. tion of hardware and software and the development of user

Public domain data research continued as a primary em-interfaces for the data and applications that will be available
phasis during this quarter as project staff continued to collectthrough the user lab.
data on FDD reservoirs from literature and theses. Research Work this quarter focused on development of a Visual
during this quarter concentrated on reservoirs scheduled foBasic language interface, which will allow easy access to
presentation during the first three play workshops. This in-the NRIS and FDD data. The Windows-based application
cluded the Morrow, the Layton and Osage—Layton, and theuses mouse point-and-click technology for selecting wells
Booch reservoirs. The data captured in these searches amccording to various selection criteria. The interface was
being entered into the databases and are being used to develogsted by play geologists using subsets of the NRIS well data.
trend maps and other illustrations of the FDD plays. Their comments and suggestions were used to make modifi-

The reservoir characterization and simulation efforts were cations to the system. When these are fully developed, users
continued this quarter for the Booch sand in the Greasy Creekwill be able to easily access all the data collected through this
field. After the well logs were analyzed, maps were created toproject.

omputer Applications
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Oracle database management software was purchased t8hases 2 and 3
support the very large multiuser databases that will be avail- o
able through the user-lab computer network. Oracle will be Database and Applications Development
installed next quarter after the current network software is  patabase, applications, and user-lab development efforts
upgradedto Novell Netware 3.12. The databases created in there continued during this quarter.
current database management system will continue to be
operated for now but will eventually be converted to Oracle. Play Analyses, Publications,
The new Oracle system will work with the Visual Basic and Workshops
interface and will allow access to various Windows-based Analysis and preparation for the first scheduled Morrow

applications. f play workshop were the primary focuses during this quarter

User-lab activities also include the development o with the workshop planned for June 1995. Analysis of Mor-
plans for the business management and operation of the lab pp ' Y

- ; . . . row data along with the preparation of text and illustrations
facility. During this quarter various issues related to the roceeded. Initial data analvsis efforts were also under wa
operation of the lab were identified. These issues includeP j y y

. ) L . for the Booch play (scheduled for August 1995) and the
operating hours, staffing plans, training, security, and fees.L ton and O Lavion bl heduled for November
The approaches used by other similar facilities are being ayton a sage—Layton play (scheduled for Novembe

investigated. 1995).
For phases 2 and 3, the ongoing activities of this task will pystessional Outreach
be continued and reported under Database and Applications

Development. Most of the professional outreach activities are scheduled
_ to begin after the workshops have been initiated in 1995. The
Management/Reporting exception to this schedule is with the reservoir characteriza-

Some progress was made this quarter on the completion ofion @nd simulation efforts, which require ongoing interac-
management reporting requirements. An annual report wadions with industry part|C|p_ants. These efforts c_:ontmued this
completed that incorporated much of the information origi- quarter forthe Booch play inthe Greasy Creek field and for the
nally designated for topical reports. Morrow play in the Rice Northeast field.

A project review meeting was held with representatives
fromthe DOE Bartlesville Project Office. Project efforts were
reviewed, and refinements in the phase 2 and 3 schedules were The first quarterly technical progress report of this task was
identified. submitted.

Management and Reporting
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